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“In my heart I perceive even more clearly that you cannot be given goals by anyone else.
This is my conclusion, after the peaks I have climbed, the places I have explored, and the
successes I have achieved.”
W. Bonatti
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Vortex Evolution and Force Generation Analysis on the flapping-wing
MAV DelFly II in hovering flight
by Andrea Tenaglia
The current research considers the generation and behaviour of the vortices involved
in the motion of the flapping-wing Micro-Air-Vehicle DelFly II. Particularly the report
will focus on the vortex evolution and force generation analysis on the DelFly II in
hovering flight regime. By means of Time-Resolved Stereo-PIV and simultaneous force
measurements, it has been investigated how the vortical structures evolve throughout a
flap cycle and this evolution has been related to the force generation experienced by the
wings. The Stereo-PIV results have been subsequently used to reconstruct the three-
dimensional wake of the DelFly by means of Kriging interpolation. Finally, three wing
pairs with different span have been also tested to examine the influence of the Aspect
Ratio (AR).
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Chapter 1
Introduction
The interest for Micro Air Vehicles (MAVs) is motivated by their versatility and adapt-
ability that make them attractive for a wide range of operations. To be able to carry
out these missions, MAVs require great agility and enhanced maneuverability. In this
respect, flapping-wing concepts are regarded promising systems at low Re-numbers, con-
sidering the abundance of flying animal species in nature. Over the years, both biologists
and engineers have investigated the mechanisms involved in insect and bird flight with
the aim to discover the flyer-based solutions for new, innovative MAV designs. In view
of the inadequacy of a quasi-steady approach for the analysis of a flapping wing flight,
experimental and computational research have brought new insights about this topic.
There is currently consensus that the dominant aerodynamic mechanisms that govern
the performance of a flapping-wing flyer are: 1) [8, 11, 40, 43] delayed stall and the
presence of a Leading-Edge Vortex (LEV) which, entailing lower pressure on the wing
surface, produces very high lift coefficients; 2) [15, 16, 27] rotational circulation and wake
capture , mechanisms that are able to produce high peaks in force production during
stroke reversal; 3)[8, 40] clap-and-fling, a lift-enhancing effect, which takes advantage
of the wing-wing interaction at the end of the strokes.
Delft University of Technology (DUT) is represented in this research area with the
DelFly, a bio-inspired small-scale ornithoper . The first version of the DelFly was pre-
sented during EMAV ’05 competition in the summer of 2005. Since that time, research
and development of flapping-wing MAVs has continued at DUT. The DelFly project
follows a top-down approach, which means that by studying a large-scale model, in-
sights can be gained to develop an improved, even smaller, version. The DelFly II is
the object of the current research. Investigation on the DelFly has addressed different
technical aspects: aerodynamical [6, 20, 29], structural [5], and the development of an
analytical flight-model. Here, we concentrate on the aerodynamic mechanisms of the
DelFly. A prominent feature of the aerodynamics of the DelFly is the aforementioned
clap-and-fling. However, because of the flexibility of the Mylar foil, the fling occurs as
a peeling motion, where the wings curve along the chords and smoothly separate until
the separation point reaches the trailing edge (TE). Similarly, the clap can be seen as
a reverse peel. De Clercq [6] first examined the aerodynamic mechanisms involved in
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the hovering flight of the DelFly by means of Stereoscopic Particle Image Velocimetry
(Stereo-PIV) in the vicinity of the wings in combination with simultaneous force mea-
surements. She stated that the peel contributes substantially to the lift generation, due
to the LEV at the onset of the fling. In particular, the leading edge motion during the
outstroke is thought to reinforce the LEV generation by increasing the velocity of the
fluid moving into the opening gap. Subsequent experiments, carried out by Groen [29],
revealed and confirmed that the two most important mechanisms responsible for the lift
generation on the DelFly are the LEV development and the clap-and-peel effect. The
instantaneous three-dimensional wake structure of the DelFly in forward flight regime
was investigated by Percin and Eisma [20]. It was revealed that the wake structure
is a complex interaction between tip vortices (TVs), TEVs and root vortices (RVs): a
U-shaped vortical structure can be clearly seen at several instants during the flapping
cycle, and its intensity increases as the reduced frequency (k = 2pifc/Uref ) increases.
1.1 Project goal
The current research considers the generation and behaviour of the vortices involved in
the DelFly flapping-wing motion, in hovering flight regime. The goal of this thesis is to:
Perform force measurements and flow visualizations around the wing and
in the wake of the flapping wing MAV ’DelFly II’ in hovering flight regime.
Using time-resolved Stereo-PIV and simultaneous force measurements, it will be in-
vestigated how the vortical structures evolve and relate this to the force generation
experienced by the wings. The Stereo-PIV results are used to reconstruct the three-
dimensional wake of the DelFly.
Three wing pairs with different span will be also tested to examine the influence of the
Aspect Ratio (AR).
1.2 Thesis outline
This report consists of several chapters. First of all a brief review of the main unconven-
tional aerodynamic mechanisms, involved in the flight of the DelFly, is given in Chapter
2. Past research regarding the flow structures in the wake of a flapping wing are dis-
cussed, as well as the important role of wing flexibility. Chapter 3 provides a summary
of the history and design of the DelFly. Previous researches on the DelFly are also
discussed in this chapter. An introduction to the Particle-Image-Velocimetry technique
used in the present research are discussed in Chapter 4. A detailed presentation of the
different experimental set-ups used in the current research can be found in Chapter 5.
The results of all the experiments are largely presented and examined in Chapter 6.
Conclusions and recommendations for future research are finally found in Chapter 7.
Chapter 2
Flapping wing aerodynamics
Nature has predominantly selected flapping-wing propulsion as the optimal approach[23]
to achieve success in the flight challenge for all the existent flyers. This curious choice
attracted biologists to investigate the mechanisms involved in insect and bird flight, and
engineers to discover the best natural-flyer-based solution, or at least the most func-
tional, suitable for a novel, improved, Micro-Air-Vehicle (MAV).
Here, a brief excursus of the acquired knowledge about flapping wing aerodynamics is
reported, in order to better clarify the state-of-the-art of this unknown and fascinating
engineering field and, as a consequence, to better understand and deal with the subject
of this thesis, i.e. the MAV DelFly II.
2.1 Unsteady aerodynamic in insect flight
In the past, researchers have had to overcome the puzzle about how flapping wings are
able to maintain an insect, or a flyer in general, aloft, and to provide enough force for
several flight patterns, from hovering to fast forward flight.
In this section, possible explanations to these questions are presented, which have been
provided by researchers during the last years.
2.1.1 Kinematics
The kinematics of flapping flight might be described by three basic positional angles
of the wing with respect to the stroke plane, as well as the body angle χ relative to
the horizontal plane. Referred to the wingbase-fixed coordinate system, these angles
are: stroke angle φ about the x axis (which describes the stroke phase, i.e. the sweeping
motion), elevation angle θ about the z axis (which describes the heaving motion) and the
angle of attack α about the y axis, (which simply describes the pitching motion) (see Fig
2.1). In general, during a complete flapping cycle, the wing performs two translations (a
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Figure 2.1: Coordinate systems and kinematics of flapping wing. The local wingbase-
fixed coordinate system (x, y, z) is fixed on the center of the stroke plane with x direction
normal to the stroke plane, the y direction vertical to the body axis, and the z direction
parallel to the stroke plane. Also, representation of the angles described in 2.1.1 are
given, as well as the effective angle of attack αe. Adapted from [42]
down-stroke and an upstroke), and two rotations. The rotation at the end of the down-
stroke is called pronation, whereas the rotation at the end of the up-stroke is called
supination (see Fig: 2.2). From the phase relationship between the wing’s translation
Figure 2.2: Insect wing kinematics in hover. Adapted from [31]
and rotation, Dickinson [15] indicated three different modes of rotation: advanced, in
which rotation is completed before the wing reverses the direction at the end of each
stroke, symmetric, in which the wing rotation is synchronized with the stroke reversal,
and delayed, in which rotation starts after the wing reverses the direction at the end of
each stroke (see Fig. 2.3).
Chapter 2. Flapping wing aerodynamics 5
Figure 2.3: Instantaneous force vectors superimposed on a diagram of wing motion
for the three kinematic patterns. Adapted from [15]
2.1.2 Dimensionless parameters
Dimensionless parameters play a fundamental role in the field of Aerodynamics. The
most important of these, involved in flapping-flying flight, are:
• Reynolds number Re , defined as the ratio between inertial and viscous forces:
Re =
LrefUref
ν
(2.1)
where Lref and Uref are the reference length and reference velocity respectively,
and ν is the kinematic viscosity coefficient. In hovering condition, the wing tip
velocity is taken as the reference velocity, and the mean chord c as the reference
length:
Re =
c(2ΦfR)
ν
(2.2)
where Φ is the wingbeat amplitude, R is the semi-wing span and f is the flapping
frequency.
In forward flight, the forward flight velocity (U) is taken as the reference velocity,
while the reference length is still the mean chord:
Re =
cU
ν
(2.3)
• Strouhal number St , is well-known for the characterization of the vortex dy-
namics and shedding behaviour, describes the ratio between flapping velocity and
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reference velocity:
St =
fLref
Uref
=
2fRΦ
U
(2.4)
In the study of natural flyers it is found that propulsive efficiency (i.e. the ratio
between output and input power) usually peaks within a narrow interval of St
(0.2 < St < 0.4), [17], and that, overall, St number is a useful similarity parameter
which appears to make it possible to characterize the flight performance of many
flying animals [30].
• Reduced frequency k , is a measure of the unsteadiness associated with a flap-
ping wing, and can be seen as the parameter which provides a ratio of two charac-
teristic lengths, namely the airfoil chord and the wavelength of the shed vorticity
given by U/2pif , [30]:
k =
2pifc
Uref
(2.5)
Attention must be paid to some slightly different definitions: for instance, Shyy’s
definition [42] makes use of half of mean chord length (c/2):
k =
2pifc
2Uref
(2.6)
In hovering flight, the reference velocity is defined as the mean wingtip velocity,
so the reduced frequency can be formulated as :
k =
pifc
Uref
=
pic
2ΦR
=
pi
ΦAR
(2.7)
where AR is the aspect ratio.
• Advanced ratio J , defined as the ratio between the free stream velocity and the
wing tip velocity of the flapping wing:
J =
U∞
2ΦfR
(2.8)
it is an index of the flight pattern performed by flyers: for instance it approaches
the values of zero when the flyer hovers. Moreover, according to Ellington [7],
as the advance ratio increases, the stroke plane tilts onwards, but contrary to
his suggestions [10], the advance ratio might reach value well above the unity, as
recorded for the DelFly in maximum speed flight (J ≈ 3.4) [20].
2.1.3 Unsteady mechanisms
Pioneering works on flapping-wing aerodynamics relied on a quasi-steady approach, thus
assuming that the instantaneous forces on a flapping wing were those corresponding to
steady motion at the same instantaneous velocity and angle of attack. Thanks to great
amount of knowledge gained by theoretical analysis, experimental and numerical inves-
tigations performed in the past years, it can be certainly affirmed that the quasi-steady
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Figure 2.4: A two-dimensional view of the wingtip path for a bumblebee at different
advance ratio. Adapted from [10]
assumption is not sufficient to explain and to match the force coefficients necessary for
an insect to fly.
Moreover flying insects operate in a range of Re numbers from approximately 10 to
105, in which neglecting the viscosity may not always be possible; for this reason, the
principles underlying force production may differ from flapping-wing aerodynamics to
inviscid aerodynamics, where potential flows and simplified model based on the Euler
equation can be used.
Thanks to past research we are now able to explain the major physical mechanisms
responsible for lift enhancement of flapping wings, although these are not indistinctly
used by all the flyers, and, above all, there is still much to discover about this topic.
The above-cited main mechanisms are:
1. LEV and delayed stall,
2. rotational lift,
3. wake capture,
4. clap-and-fling.
2.1.3.1 Leading-Edge-Vortex and delayed stall
Ellington [8] described the presence and the significant importance of a leading edge
vortex (LEV) on lift generation as: insect wings show a gradual stall, similar to that
of thin airfoils for Re < 105, which consists in an augment of separation of the flow
at the leading edge while increasing angle of attack, and a reattachment of the same
flow on the upper surface of the wing, toward the trailing edge. The presence of the
attached LEV entails lower pressure on the upper surface and thus produces very high
lift coefficients for several chord length of travel: a phenomenon termed ’delayed stall’
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[40]. A simple way to account for the enhancement of lift by a LEV makes use of an
easy quantitative analysis. For airfoils with sharper leading edge flow separates at the
leading edge, and forms a LEV. A suction force develops not parallel but normal to the
plane of the wing, thus adding to the potential force and consequently enhancing the
lift component (Fig:2.5).
At a later stage, Ellington’s group [4, 11, 13, 14] analysed the flow and wake structure
Figure 2.5: Flow around a thin airfoil and the consequent enhancement of the force
normal to the wing section. Adapted from [40]
on a tethered hawkmoth Manduca sexta and on a hawkmoth model, founding that an
LEV, created throughout the translational motion, is a conical spiral, stable and at-
tached to the wing until it appears to break down at about 60-70 % of the wing length.
The reason of this prolonged attachment proved to be due to an axial flow, this is a
spanwise flow, which convects the vorticity out to the wing tip and prevented the flow
from accumulating into a large vortex that would be unstable. Further experimental
Figure 2.6: Spatial flow structure of LEV. Thick black arrows indicate downwash due
to the vortex system. Adapted from [13]
[15] and computational [22, 34] research on a fruit-fly model (Re [10− 102]), confirmed
the presence of a strong LEV: the dynamic stall vortex does not shed, stall is absent and
a large CL can therefore be maintained; this is the ’stall-absence mechanism’ [34]. From
these studies also emerged the strong influence of Re number: in general CL increases
as Re increases (see Fig: 2.7), the LEV does not shed and the delayed stall mechanism
exists; moreover, for Re lower than 100, the LEV is very diffused and weak compared
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with that for higher Re, resulting in small CL and large CD. In this range of low Re
number, additional high-lift mechanisms are needed [22].
The requirement of axial flow for leading-edge vortex stability was questioned recently
Figure 2.7: Mean lift (CL) coefficient vs mid-stroke angle of attack (αm) for various
Re. Adapted from [22]
by means of DPIV measurements on a real Manduca sexta [36]. The results suggested
that provided the timescale of the wingbeat is shorter than the timescale on which the
accumulating vorticity causes the vortex to be shed, the LEV can be stable for the
duration of the downstroke, even with negligible spanwise flow [36]. Thus, operating
in an appropriate Strouhal number range could be the suitable explanation for LEV
attachment.
Recently, employing three-dimensional Navier-stokes computations, Shyy et al. [43]
showed that LEV is a common feature in the flapping-wing aerodynamics, and that,
although at Re = 6000 an intense, conical LEV may be observed, the spanwise flow at
the vortex core becomes weaker as the Reynolds number getting smaller (see Fig:2.8).
They also stated that, inspecting the momentum equation, one can see that the pressure
Figure 2.8: Comparison of pressure gradient on the wing surface for a fruit fly (left)
and a hawkmoth (right) Adapted from [43]
gradient, the centrifugal force, and the Coriolis force together are likely to be respon-
sible for the LEV stability, although numerous issues related to the interplay between
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wing structures, flapping kinematics, large vortex formations, and Re number remain
unresolved.
Nevertheless, the research carried on by Chopra’s group [31, 35] and by Ramasamy and
Leishman [33] strongly demonstrated that an LEV is continuously generated, convected
through the trailing edge, and shed into the wake throughout the entire flapping stroke.
This hypothesis is thought to be true since multiple vortical structure can be seen along
the chord of the wing during the translational phase of a stroke (see Fig: 2.9). This can
explain the large fluctuations in the history of aerodynamic force coefficient [35].
Figure 2.9: Rectangular wing flapping at 3 Hz. Top: lift coefficient time-course during
downstroke for different pitch angle. Bottom: flow visualization images at varius stroke
intervals in downstroke (0.1 < tn < 0.4). Adapted from [35].
2.1.3.2 Rotational lift
Flapping-wing experiences rapid wing rotations at the ends of the downstroke and up-
stroke, and these are somehow responsible for enhancing lift production.
Dickinson et al. [15] detected two well-defined peaks in the force coefficients during the
experiments on a model of the fruit fly Drosophila melanogaster, located at the end and
at the start of each half-stroke (see Fig: 2.10), i.e. related to the rotational motion. The
peak at the end of each stroke was first related to a mechanism akin to Magnus effect:
an advanced rotation could increased the CL up to 33% with respect to the symmetrical
rotation [34]. Further analyses ([22, 34]) showed that it should be related to the rapid
pitching-up manoeuvre of the wing. The circulation derived from this mechanism can
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Figure 2.10: From the top to the bottom: time history of lift and drag forces (the
measured forces are plotted in red, and forces predicted from translational force co-
efficients are plotted in blue); time course of rotational lift, defined as the difference
between measured and estimated translational values of lift; translational (green) and
rotational (purple) velocities of the wing. Adapted from [15]
be calculated as reported by Ellington [8]:
Γr = piωc
2(
3
4
− xˆ0) (2.9)
where ω is the instantaneous rotational speed (measured in radians), xˆ0 is equal to x0/c
and x0 is the position of the rotational axis. As stated by Lehmann [27] the amount of
rotational circulation strongly depends on the rotational axis position x0, and it attains
its maximum value when the rotation is around the leading edge axis (see Fig: 2.11).
2.1.3.3 Wake capture
On the other hand the peak located at the beginning of each half-stroke (see Fig: 2.10)
was referred to a momentum transfer mechanism: when the wing meets the wake created
during the previous stroke after reversing its direction, the velocity of the flow surround-
ing the airfoil is enhanced, and as a result, a second peak in the lift force occurs. This
mechanism is usually termed ’wake capture’, and it was clearly detected and isolated
during the experiments carried out by Sane and Dickinson [41] on a fruit fly model (see
Fig: 2.12).
Although this mechanism is quite accepted by the scientific community, results from
Sun and Tang [34] showed that wing-wake interaction produces a negligible effect on
forces: they started a wing from the rest (i.e. in the absence of any previous wake) and
compared the calculated forces with the forces on a wing after stroke reversal. Since
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Figure 2.11: Rotational circulation values plotted as a function of the normalised
position of the rotational axis for a robotic model. Adapted from [27]
Figure 2.12: Time history of drag and lift forces during a stroke; the red lines rep-
resents the measured forces and the black line represents the sum of the added mass
inertia, translational force and rotational force (see eq:2.9). The force due to wake
capture is represented by a blue line and is calculated as the difference between the
measured drag and lift and the corresponding quasi-steady estimates. Adapted from
[41]
Figure 2.13: Spanwise vorticity contours during the rotation phase of the stroke may
help to figure out the wake capture mechanism; CWV and CCWV indicate clock-wise
vortex and counter clock-wise vortex, respectively. Adapted from [42]
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they obtained the same results in terms of lift production, they affirmed that the lift
peak at the start of the stroke is due to the acceleration of the wing instead of wing-wake
interactions.
These results, even though do not clearly overcome the puzzle of this augmentation of
lift production at the start of each stroke, strongly suggest the importance of both wing
acceleration and wing-wake interactions. Indeed, the wake capture mechanism, whether
it helps or not, depends on a lot of parameters starting from wing flexibility to reduced
frequency, type of wing rotation, etc.
2.1.3.4 Clap-and-fling
The clap-and-fling is a mechanism allowing lift enhancement by means of the approach
of two wings: during the clap the leading edges touch each other, and wings prone until
the gap between them vanishes and they are parallel. During this phase, a jet of fluid
excluded from the wings can provide additional thrust (see Fig: 2.14).
The fling phase preceding the downstroke is thought to enhance circulation that is due
Figure 2.14: Scheme of wings approaching each other to clap (A-C) and flinging apart
(D-F). Adapted from [40]
to fluid inhalation in the cleft formed by the moving wings, which cause a strong vortex
generation at the leading edges. The two wings then translate away from each other
with bound circulations of opposite signs: the Kelvin’s law is thereby satisfied since the
net circulation around the two-wing system is still zero.
Lehmann et al. [16] investigated the clap-and-fling mechanism on a scaled mechanical
model of the fruit fly Drosophila melanogaster and suggested that lift production can be
augmented up to 17%. Nevertheless they stated that the relative contribution of clap-
and-fling to normal force and lift production depends on several factors such as Reynolds
number and duration of wing rotation. Another interesting mechanism, akin to fling, is
the peel : after the clap the wings curve along the chords and the separation point moves
smoothly from the leading to the trailing edges (see Fig: 2.16): the elasticity of the
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Figure 2.15: Vorticity field during clap-and-fling mechanism. Negative vorticity (cloc-
wise) is plotted in blue, while positive vorticity (counter-clockwise) is plotted in red.
Arrows indicate the magnitude of fluid velocity. Adapted from [16]
Figure 2.16: The air flow created by the peel mechanism. Adapted from [8]
wings allows them to bend along their chords. As reported by Lehmann et al. [? ] the
peel may function as a mechanism to prevent fluid being sucked into the cleft from the
rear: this would increase lift production associated with the clap-and-fling manoeuvre
by preventing the generation of an upward-directed momentum jet. The advantage of
this mechanism in terms of propulsive efficiency is questionable since many insects never
perform the clap-and-fling: the energy consumption needed to perform it would be too
high against the increase in lift production. Thus it is likely that an insect exhibiting a
clap-and-fling is simply striving to maximize stroke amplitude, so as to increase lift [40].
2.2 The strong influence of wake structure
This chapter is aimed to focus on the wake structure produced by the airfoil motion,
and on its kinetic effects on the airfoil itself.
Knoller and Betz were the first ones who explained the bird’s ability to generate a forward
thrust by means of flapping-wing motion: this creates an effective angle of attack so that
an aerodynamic force, N , is generated which decomposes into lift and thrust component.
Platzer et al. [30] revealed the strong influence of the parameter kh, i.e. the product of
reduced frequency k and non-dimensional plunge amplitude (h = a/c), in the Knoller-
Betz effect since it is related both with the Strouhal number and with the effective angle
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Figure 2.17: Propulsion generated by the development of an effective angle of attack
during plunging motion. Adapted from [30]
of attack:
kh = 2pi(a/A)St (2.10)
αeff = arctan(kh) (2.11)
where A is the flapping amplitude A = ΦR (noting that for a flapping motion that is
pivoted at one end for the flyers, the average length swept by a wing would be approxi-
mately half of that swept by the wing tip so that the ratio a/A is approximately 1/2).
During their experiment on a NACA 2012 airfoil in water flow at Re = 17000, Platzer
et al. [30] observed the transition from normal to reverse Karman vortex street with
increasing kh (see Fig:2.18). The latter wake structure, i.e. upper row with counter-
clockwise vortices and lower row with clockwise vortices, produces a jet profile and, as
a reaction, thrust on the airfoil.
Tuncer and Kaya [18], showed that in a biplane configuration, thrust production could
Figure 2.18: Transition from normal to reverse Karman vortex street with increasing
kh. Adapted from [30]
be enhanced if the airfoils undergo a combined pitch and plunge motion (according to
eq: 2.12, 2.13) with a proper phase angle between them: the thrust can be maximised as
the formation of large-scale vortices are prevented by either a combined pitching motion
or by turbulence in the flow (see Figg: 2.19, 2.20). The combination of plunging and
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pitching of one wing section, could be described by symmetric, periodic functions:
h(t) = hacos(2pift+ ϕ), (2.12)
α(t) = αacos(2pift) (2.13)
where ha is the plunging amplitude, f is the plunging frequency, αa is the pitching am-
plitude, and ϕ is the phase difference between plunging and pitching motion.
An interesting effect occurs in the biplane configuration, this is when the second airfoil
Figure 2.19: Unsteady laminar flows over flapping airfoils in combined pitch and
plunge motion computed at k = 0.5, α0 = 10deg, h0 = 0.4, y0 = 1.4, M = 0.1,
Re = 104. Adapted from [18]
is positioned opposite the first airfoil as its mirror image. Jones et al. [25] analysed the
biplane configuration using both panel and Navier-Stokes codes (see Fig: ??). Although
some differences can be found between experimental and computational results (because
of the strong Reynolds dependency and the separation of the flow) both suggests a rel-
evant increase in thrust production (see Fig: 2.21). The most important results marked
by Platzer et al. [30] is that thrust generation is strongly dependent on a number of
parameters: at high Re numbers (one million as order of magnitude), efficient thrust
generation is achieved by the shedding of trailing edge vortices in the form of reverse
Karman vortex street that forms as soon as a sufficiently large St number is reached.
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Figure 2.20: Variation of thrust coefficient in combined pitch and plunge motion
computed at k = 0.5, h0 = 0.4, y0 = 1.4, M = 0.1, Re = 10
4. Adapted from [18]
Figure 2.21: Biplane flapping mechanism (left) and predicted and measured thrust
(right).
Conversely, at low Re numbers (in the range of 10000-30000) the flow behaviour is much
more complex because efficient thrust generation is achieved by shedding from both
leading and trailing edges: thrust efficiency is sensitive to the plunge frequency indepen-
dent of St number due to the time for leading-edge vortex formation, separation, and
convection over the airfoil surface.
To understand the aerodynamic mechanisms of lift and drag generation, it is conve-
nient to apply the general aerodynamic theory for viscous flows presented by Wu [19],
and argued by Miller and Peskin [26] and Buresti [2] in the particular case of clap-and-
fling mechanism, assuming the flow was steady.
During wing rotation, two large LEVs (Rn1 and Rp1 in Fig:2.22) of equal strength and
opposite sign were formed and remain attached to the wing, while during wing transla-
tion, two small trailing edge vortices of equal strength and opposite sign begin to form
and grow in strength (Rn2 and Rp2), see Fig. 2.22. Note that n denotes region of nega-
tive (clockwise) vorticity and p denotes regions of positive (counterclockwise) vorticity.
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The total lift acting on both wings can be define as follows:
FL = ρ

∣∣∣∣∣∣ ddt
∫∫
Rn1
x|ω|dxdy
∣∣∣∣∣∣+
∣∣∣∣∣∣∣
d
dt
∫∫
Rp1
x|ω|dxdy
∣∣∣∣∣∣∣

− ρ

∣∣∣∣∣∣ ddt
∫∫
Rn2
x|ω|dxdy
∣∣∣∣∣∣+
∣∣∣∣∣∣∣
d
dt
∫∫
Rp2
x|ω|dxdy
∣∣∣∣∣∣∣
 (2.14)
where |ω| is the absolute value of the vorticity.
Figure 2.22: Region of positive and negative vorticity during clap-and-fling. Adapted
from [26]
2.3 Effects of wing flexibility
The study of a flexible flapping wing is as complicated as extremely remunerative. Wing
flexibility, which is an undoubtedly feature of all natural flyers, is thought to improve
MAV performance at high angle of attack and to allow a better adaptation to the un-
steady flight environment by use of passive camber control [1].
Heatcote et al. [38] experimentally investigated the flexibility effect on thrust generation
by three plunging airfoils in hovering conditions which differed each other by different
thickness (i.e. by different stiffness); they also varied the Re numbers between 7 · 103
and 2.5 · 104 (where Re = fc2/ν and f is the plunging frequency). They found that
at low Reynolds number the very flexible airfoil generated the greatest thrust and then
decreased rapidly as the Reynolds number increased. For Reynolds number larger than
104, the flexible airfoil generated the largest thrust. As suggested by Fig: 2.23 there is an
optimum airfoil stiffness that maximizes the thrust for a given amplitude and frequency.
Heatcote and Gursul [39] found a tendency for airfoils of different stiffness in a pure
plunging motion to produce thrust above a certain value of St number, within a range
of Re ≈ 10000 − 30000 (see Fig: 2.24). This result again strengthen the importance of
Strouhal number (although the slight difference in its definition, 2faLE/U0, with respect
to that given in 2.4). They [39] also found an analogy between a flexible airfoil oscillating
in heave and a rigid airfoil oscillating in pitch and heave: in particular they confirmed
that the value of the pitch phase angle (calculated as the phase of ( sLE−sTEa ), where s
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Figure 2.23: Wing flexibility effects on thrust generation for an airfoil plunging at
zero free-stream velocity. Adapted from [38]
Figure 2.24: Thrust coefficient as a function of St number. Re = 9000 (left) and
Re = 27000 (right). Adapted from [39]
indicates the vertical displacement and a the streamwise separation of the leading edge
and trailing edge) that maximized efficiency lies in the region of 90 deg (Fig: 2.25), as
previously reported in several studies (see for example [24, 25]).
Percin et al. [32] performed tomo-PIV measurements on two models of the DelFly wing
with different stiffness parameter in order to simulate the clap-and-peel mechanism of
the DelFly. They found that for the more rigid wing case both LEV and TEV stay
detached from the surface of the wing during translation, while during the clap they
convect upwards and downwards due to the relatively strong up-downwash generated.
As a result the more rigid wing cannot benefit from the phenomenon of the wake cap-
ture, and this is in favour of the more flexible wing case.
All these results clearly suggest that the effect of chordwise flexibility is beneficial for
airfoils at low Reynolds numbers.
It must also be noted that natural flyers’ wings exhibit anisotropic mechanical prop-
erties, with the spanwise bending stiffness approximately one to two orders of magni-
tude larger than chordwise bending one. Moreover test based on different wing designs
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Figure 2.25: Propulsive efficiency vs pitch phase angle: a comparison of different
studies. Adapted from [39]
demonstrate that a wing with a rigid outboard frame and a flexible inboard material are
desirable for producing both lift and thrust [1].
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DelFly
Figure 3.1: DelFly II.
DelFly is a bio-inspired ornithoper designed and built at Delft University of Technology
(DUT). The first version of DelFly was presented during the EMAV ’05 competition in
the summer of 2005, in which it won the price for the most exotic design. Since that
moment, more efforts and interests have been dedicated to the field of flapping MAVs
at DUT, in order to understand the physical principles underlying the DelFly’s motion
and, above all, to try to improve its performances.
For the DelFly project, a top-down approach is followed, which means that by studying
a large-scale model, theoretical insights can be gained in order to possess the necessary
knowledge to develop a smaller, enhanced version. Following this philosophy, an im-
proved version was built, the DelFly II (see Fig: 3.1), whose wing span had decreased
from 330 mm to 280 mm and the weight had been reduced from 22 gr to 17 gr. Fur-
thermore the choice of a cross-tail configuration, instead of a V-tail one, guaranteed
more stability and controllability to this model. In 2008 the MAVlab yielded a novel
further down scaled version of DelFly, DelFly Micro (see Fig: 3.2). It has 100 mm span,
107 mm length and weighs only 3 gr: it’s the worlds smallest flying ornithoper with a
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camera and trasmitter onboard [12], although it’s not yet capable to hover. The subject
Figure 3.2: DelFly Micro.
of this thesis will be the DelFly II. Throughout this report it will be referenced simply
as DelFly.
In this chapter several aspect of DelFly will be investigated: in section 3.1 the design of
DelFly and its improvements during the past years are briefly presented, in section 3.2
the kinematics are decribed, as well as the most important similarity parameters, and
in section 3.3 a brief summary of past aerodynamics research is explained.
3.1 Design and improvements
3.1.1 Wings
The wing configuration is a biplane configuration, with two pairs of wings placed on
top of each other in order to maximize the wing surface and to gain extra lift. The
wings are placed symmetrically with respect to the fuselage and with a dihedral angle,
ψ of 12deg. In order to prevent impact damages during the collision of the wings, these
are separated by a small clearance angle, ϕs. The maximum stroke angle, ϕ, is 44deg.
The wings are pivoted on one end, and their leading-edges are moved by a crank-shaft
mechanism, opportunely embedded. The wings are made out of 10 micron thick Mylar
foil (biaxially-oriented polyethylene therephthalate polyester film). D-shaped carbon
rods (0.7 x 1.4 mm) are used as leading-edges, and circular carbon rods (φ = 0.28mm)
are used as stiffeners to provide the necessary chordwise and spanwise stiffness. The
influence of stiffener orientation and location was investigated by Bruggeman [5], whose
work provided the actual wing configuration (see 3.4).
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Figure 3.3: Geometrical flapping parameters of DelFly.
Figure 3.4: Mylar foil wing of the DelFly.
Figure 3.5: Layout of the tail of the DelFly.
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3.1.2 Tail
The tail of DelFly was further developed during the research of Eisma [20]: in particular
he changed the previous Mylar-foil-made tail with a lighter and stronger Depron-Foam-
made one. Since this material is anisotropic for both stiffness and strength, the stiffest
direction was oriented in the spanwise direction to minimize deformations [20]. In the
current study, however, a simplified version of the DelFly without a tail will be used as
test model.
3.1.3 Crank-shaft mechanism
Thanks to the work of Bruggeman [5] a new crank-shaft mechanism was developed and,
since that time, has been currently used on DelFly II. The new gear mechanism with
a gear ratio of 21.33, was made of Polyxymethylene (POM), and yielded an increase
of thrust-to-power ratio of 20% with respect to the old mechanism. For more detailed
information the reader is referred to [5].
Figure 3.6: Layout of the crank-shaft mechanism of the DelFly.
3.1.4 Electronics
In this section the various electronic components of DelFly are presented. More detailed
explanations are reported in [12].
In order to power the Delfly, rechargeable Lithium Polymer batteries are used: their
weigh varies from 1 to 4 gr and can deliver an energy density of 130 Wh/Kg and a
power density of 2600 W/Kg, sufficient to fly the DelFly for 8 minutes in hover condi-
tions and 15 minutes in forward flight. These supply power to a brushless motor. It
substituted the older brushed motor (embedded on DelFly) in order to improve efficiency
and, above all, to deliver enough mechanical power to allow DelFly to hover. Moreover
it can avoid the problematic wearing suffering by the former motor, which resulting in
a lifetime of maximum an hour.
A brushless motor has a stator with 3 electric phases and an electronic controller pro-
duces a revolving electro-magnetic field. This makes the magnet rotor rotate. The
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brushless motor drives the gear system (3.1.3). Embedded in one of the gear, there is
also a small magnet which interacts with a Hall sensor (located behind the gears). The
signal (drop in voltage), caused by the passage of the magnet in front of the Hall sensor,
is captured by the microcontroller system and it is used for a synchronization procedure
(5.5).
The DelFly is also equipped with a camera system. The camera used has a dimension
of 8 x 8 x 7 mm. The camera weighs exactly 1 gram. The transmitter works down to
3.3 Volt and can be driven directly from the flight battery.
Very small micro servos are integrated into the tail of the DelFly. They weight 0.65
gram (dimensions: 11 x 18 x 4 mm), and can provide a precise thrust of 10 gram with
an maximum excitation of 6 mm. These specifications make them perfectly applicable
for controlling the rudder and elevator of the DelFly. For the current measurements no
receiver is used. The DelFly is controlled by a custom designed micro controller board
(see section 5.2.2.1).
3.2 Flight kinematics
DelFly motion is dominated by the so-called clap-and-peel mechanism, which merges
the effect of flexibility with the clap-and-fling mechanism (see 2.1.3.4). The high wing
flexibility causes the wings to peel and flex during the rotation at the minimal and
maximal amplitude respectively. This passive deformation largely influences the flow
field behaviour (3.3.1).
The DelFly is capable of 7 m/s forward flight, hovering and even up to 1 m/s backward
flight [12]. The velocity of the wing with respect to air is defined by the flight, flap and
downwash velocity (see Fig: 3.7); during fast forward flight the stroke plane is vertical
and the fuselage is positioned horizontally, minimizing the drag. The flapping frequency
is appoximately 11 Hz. Conversely, when the DelFly hovers, its fuselage is oriented
Figure 3.7: Left: forward-velocity components. Adapted from [29]. Right: wing-path
representation in forward flight. Adapted from [6].
vertically and the flap plane is horizontal. The effective velocity is now defined by only
the flap and downwash velocity (see Fig: 3.8). The wings produce only thrust force (i.e.
force in the direction of the fuselage), since the forces exerted in the horizontal plane
cancel each other.
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Figure 3.8: Left: velocity components during hover. Adapted from [29]. Right: wing
path representation during hovering. Adapted from [? ].
3.2.1 Similarity parameters
Here, referring to the equations presented in 2.1.2, typical values of dimensionless pa-
rameters for a flapping frequency of 12 Hz are given. Three different wing span are taken
into account. The reference velocity has been chosen as the tip velocity, defined as:
Uref = Vtip = 2ΦfR (3.1)
while the mean chord length has been chosen has the reference length (cm = 80mm).
The aforementioned parameters are reported in table: 3.1.
Parameters R = 140mm R = 160mm R = 120mm
Uref [m/s] 2.6 3 2.2
Re 1.4 ∗ 104 1.6 ∗ 104 1.18 ∗ 104
k 2.33 2.03 2.72
Table 3.1: Dimensionless parameters for three different wing span at a flapping fre-
quency of 12 Hz.
3.3 Past research
Since it was built, detailed research were performed on DelFly, each focusing on different
engineering aspects: from an aerodynamic point of view [6, 20, 29, 32], to a more
structural approach [5], up to the challenge of allowing DelFly to fly autonomously
[12]. Here, we will focus on the progress which has been carried on in recent years about
the aerodynamics underlying the DelFly flight.
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3.3.1 First experimental campaign: De Clercq
De Clercq [6] was the first master student whose goal was to visualize the flow around
the flapping wings and to measure the forces acting on the DelFly in hovering flight.
She performed stereoscopic-PIV measurements on a plane parallel to the chord and per-
pendicular to the dihedral line, at four different spanwise locations: 0.25, 0.50, 0.75
and 1.00 R, while at the same time recording unsteady forces. Due to the rotation of
the wing with respect to the flat laser sheet, the spanwise position of the measurement
plane deviates up to 38% of the total span at maximal flap angle (see Fig: 3.12). Al-
though the background reflections of the wings largely decreased the quality of the flow
visualization, some important results came out: observation of wing section motion and
measurements of the upward force have been matched (see Fig: 3.9) and discussed in
detail in [6]. De Clercq drew the conclusion that the peel mechanism and the occur-
Figure 3.9: Upward force fluctuations and flapping angle during one flap cycle for
f = 13 Hz.
rence of a leading edge vortex at the isolated rotation (although not well visualized)
both contribute substantially to the lift generation: in particular the downward leading
edge motion (see Fig: 3.10) during peel is thought to reinforce the leading-edge vortex
generation by increasing the velocity of the fluid moving into the opening gap.
3.3.2 Second experimental campaign: Groen
The subsequent research was carried out by Groen [29] in 2010, titled as: PIV and force
measurements on the flapping-wing MAV DelFly II. As the title suggests, the aim was to
redo the former one, so as to overcome the encountered problems and to obtain better
results. For instance, the laser sheet was oriented perpendicular to the wing surface and
the cameras were placed parallel to the leading edge (while in the experiments of De
Clercq the laser sheet orientation remained fixed with respect to the DelFly body), an
approach that minimized direct reflections, see Fig: 3.12. Since his work was practically
simultaneous with the research of Bruggeman [5], Groen also focused on the differences
in the aerodynamic behaviour between the original wing (used during the work of De
Clercq) and the improved one (see Fig: 3.13, 3.14). As previously stated by Bruggeman,
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Figure 3.10: Schematic representation of a wing section during one flap cycle.
Adapted from [6].
Figure 3.11: Time-resolved PIV results for b = 0.75R and f = 13Hz. Adapted from
[6]
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Figure 3.12: Top: experimental set-up as used by De Clercq. Adapted from [6].
Bottom: experimental set-up as used by Groen. Adapted from [29].
the improved wing displayed a lower power consumption, while the generated thrust-
force remained almost the same: the improved wing yielded a better thrust-to-power
ratio. Moreover, as already suggested by De Clercq, an increase in the flapping frequency
Figure 3.13: Average filtered
thrust during one flap cycle at f =
11Hz. Adapted from [29]
Figure 3.14: Average power
consuption during one cycle at
f = 11Hz. Adapted from [29]
increased the thrust-force generation (see Fig: 3.15). Groen stated that the two most
important aerodynamic mechanisms responsible for lift generation on DelFly are:
• LEV development,
• clap-and-peel.
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Figure 3.15: Average filtered thrust during one cycle for several frequencies. Adapted
from [29]
The LEV development is described by the temporal sequences shown in Fig: 3.16, as well
as the TEV development. An LEV is generated during the first phases of the peel (B-C)
and it remained attached until the wing reverses direction (H). During this translation,
the LEV is seen to lessen its swirling strength (E-H). By the time the wing reverses
direction, a novel LEV starts to be generated and it will be annihilated by the LEV of
the mirror wing during the subsequent clap (noting that this time the LEV seems to not
diminish its swirling strength during the instroke translation).
Regarding the TEV development, it is thought that during the outstroke both its for-
mation and its shedding are postponed due to the effect of the peel (the TEV is first
visualized at the middle of the out-stroke (E)); it is also observed that it remains in
the proximity of the wing quite for a long time, as it is not affected by induced velocity
effects (E-J). After the wing rotates another TEV appears (I), again with a certain delay,
and immediately it sheds (J). It seems to remain in the proximity of the wing, too (J-D).
The positive influence of the clap-and-peel is strongly felt by the wings, since a down
flow (which reduced the effective angle of attack, thus allowing the LEV to stay closer
to the wing) is believed to be created by the peel mechanisms. Also, the clap creates a
downward momentum jet, which is also thought to increase thrust generation.
Examinations of the spanwise variation of the vortex development showed a conical
growth from spanwise locations near the root to the tip (at the wing tip, however, all
vortices are no longer present). A possible reconstruction of the instantaneous wake at
different instants is not reported here, and it can be seen in the report of Groen [29].
Moreover the research showed the presence of an axial flow in the vortex cores.
3.3.3 Third experimental campaign: Eisma
Eisma was the first who performed experiments on the DelFly in a wind tunnel (specif-
ically in the W-tunnel at the High Speed Laboratory of DUT) both on tailless and
with-tail configuration, in order to understand the aerodynamics mechanisms of the
DelFly during forward flight [20].
He made use of both force and PIV measurements, while varying several parameters
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Figure 3.16: Swirling strength at various moments during the flap cycle at f = 13Hz.
Adapted from [29]
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such as angle of attack (AOA), flapping frequency, forward velocity and tail presence.
From his campaign a lot can be acquired, but just a few graphs are reported here.
First of all, lift and thrust forces are defined as:
L = fxsinα+ fzcosα (3.2)
T = fxcosα− fzsinα (3.3)
where fx and fz are the horixontal and vertical force recorded by the force sensor,
respectively. He affirmed that:
• both lift and thrust benefit from the presence of tail, although they show qualita-
tively the same behaviour;
Figure 3.17: Influence of the tail on lift and thrust generation at a flapping frequency
of 10 Hz. The forward velocity is 3m/s and the AOA is zero. Adapted from [20]
• increasing the flapping frequency yields an increase in thrust generation, while the
lift is only marginally increased and moreover its average value remains relatively
constant, close to zero (this is because the angle of attach remains zero);
Figure 3.18: Lift and thrust distributions for a DelFly at 8, 10 and 12 Hz. The
forward velocity is 3m/s and the AOA is zero. Adapted from [20]
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• when increasing the forward velocity, the reduced frequency is lowered as well as
the effective angle of attack: the vortical wake structures are weaker and the forces
produced by the wings will be lower;
Figure 3.19: Lift and thrust distributions for a DelFly flapping at 10 Hz. The AOA
is zero. Adapted from [20]
• the lift force increases significantly when the angle of attack is increased while the
thrust force decreases (probably due to an increase in pressure drag).
Figure 3.20: Lift and thrust distributions for a DelFly flapping at 10 Hz. The forward
velocity is 3m/s. Adapted from [20]
Eisma then interpolate PIV results by means of kriging method, which provides much
cleaner pictures thanks to the absence of spurious vectors. He used this interpolation
for a spatial and a temporal reconstruction of the vortical structure behind the trailing
edge (specifically 10 mm behind the edges). The wake showed the presence of two very
clear TVs on both wings of opposite sign, see Fig: 3.21.
A U-shaped vortical structure appeared during the instroke on both wings, consisting
of TVs, TEVs and RVs. No shed leading edge vorticity is observed in the reconstructed
volume at all time instances in the wake topology: it was thought that the LEV was
shed and convected downstream outside the measurement volume.
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Figure 3.21: Time series representation of the wake on the first plane downstream the
TE. The iso values for z-vorticity are chosen as ωz = ±0.10. The blue colour indicates
clockwise vorticity. Adapted from [20]
Figure 3.22: Vorticity magnitude plots halfway during the instroke, isovalue |ω| =
0.125s−1. Adapted from [20]
3.3.4 Recent findings: Percin
Recently, investigations carried out by Percin [3] added interesting sparks to the already
acquired knowledge of the DelFly’s aerodynamics.
His findings follows the results described by [6, 20, 29] and mentioned above, regard-
ing the force dependencies such as flapping frequency, wing thickness and aspect ratio.
Thanks to the reconstructed three-dimensional time-resolved wake of the DelFly II it
was observed that by increasing the reduced frequency, the behavior of flow structures
changes significantly.
He also reported detailed graphs showing different phases of wing stroke and their re-
lated time courses of thrust and power consumption (see Fig. 3.23). As can be seen
from Fig: 3.23, the thrust production must be analysed in conjunction with the stroke
phase: during the outstroke the thrust increases until it reaches the maximum value just
before the end of the fling phase; at the end of the outstroke, when the stroke angle is
at its maximum value, the thrust approaches zero, and even seems to go beyond that
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Figure 3.23: Time courses of thrust generation and power consumption during DelFly
motion; green line indicates the start of the out-stroke while purple circles mark the
stroke phase represented by the subsequent pictures.
value. During the following instroke thrust production increases, reaching the maximum
value after the middle of the instroke, then lessens until the wings clap, when another
minimum in thrust generation occurs. His tests also show how significantly different is
the wings behaviour when experiments in vacuum are performed: this allow us to study
in depth the contribution of aerodynamics forces to the wing deformation, which, in
turn, is responsible to the quantitative and qualitative behaviour of the aerodynamic
forces themselves.
The continuation of his research is also a topic for this thesis, and further experiments
and conclusion will be drawn and described later on (see 5.2). In [32], Percin also inves-
tigated the fundamental role of the wing flexibility by means of Tomographic Particle
Image Velocimetry (Tomo-PIV). Four polyester wings with different thickness (ranging
from 50 to 250 µ) were tested, and the evolution of vortical structures at the clap-and-
peel phase was then discussed. It was shown that in the case of more rigid wing case,
leading and trailing edge vortices stay detached from the surface of the wing and they
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convect upwards and downwards 3.24. Therefore, at the stroke reversal, the more rigid
wing cannot benefit from the phenomenon of the wake capture: it was speculated that
this condition results in increase of the power requirement to fling the wing apart.
Figure 3.24: Contours of z vorticity for the wings at 70% of the span lengths of the
wings with thickness of (left) 100 µ and (right) 250 µ. Adapted from [20]
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Particle Image Velocimetry
4.1 Introduction
(to inspect)The attempt of extracting information about the flow during experiments
has entailed the huge development of visualization techniques throughout the recent
decades. Among these, Particle Image Velocimetry (PIV) is one of the most successful
of the last 20 years, allowing researchers to visualize and measure the velocity field of
even complex flows. Its applications range from aerodynamic to biology, as well as any
other engineering field that need to extrapolate velocity informations or, indirectly from
these, basic physical quantities.
While all other technique for velocity measurements only allow the measurement of the
velocity of the flow at a single point, such as Laser Doppler Velocimetry (LDV) or Hot
Wire Anemometry (HWA), the spatial resolution of PIV is large, and may extend up to
volume reconstructions. Moreover the PIV is a non-intrusive technique, and this feature
allow its application even in narrow field, such as boundary layers close to the wall, where
the thinnest probe might influence the flow. Although all these advantages, it must be
taken into account that PIV is an indirect technique: indeed it determines the velocity
of the particles seeded in the flow, instead of the fluid velocity itself. This feature might
negatively effect the results, therefore special attention must be paid about the fluid
mechanical properties of the particles, as it will be explained afterwards.
In this chapter a brief explanation of the basic principles of Particle Image Velocimetry
technique is reported, as well as the main drawbacks mostly encountered and their
solutions, presented as regards this experimental campaign. Particular attention will
be dedicated to Stereoscopic-PIV, since this technique has been largely used for the
experiments.
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4.2 Principles
PIV is an optical technique based on imaging tracer particles that have to be seeded into
the flow. These particles are illuminated when passing through a light sheet, properly
generated by a laser source or any suitable device that can beam. The light scattered
by the particles is then recorded with a camera, so that the velocity of the particle
images may be determined once the time between the light pulses and particle’s dis-
placements are known. While for low image density NI (expressed as the product of
the number of particles per unit area and the area of integration window) particle’s
displacement is determined simply by individual tracking, for high image density typical
of PIV, NI  1, it can be infer from a statistical auto/cross correlation method (the
choice of one method with respect to the other depends on the choice of recording the
light on a single frame or on multiple separate frames, respectively (see [? ]) applied
on subsequent PIV recordings. In order to reduce the computational cost, the images
are first divided into ’interrogation areas’ and, once assumed that the particles of each
interrogation area move homogeneously between two laser pulses, then the displacement
vectors can be determined by one of the method briefly described above.
The tracer particles must follow the flow faithfully and, even more important, they
Figure 4.1: Explanatory scheme of PIV functioning
should not change the flow properties. In order to guarantee the latter property the
seeding tracers concentration C should be range between 109 and 1012 particles/m3
[? ]. Moreover the seeding material have to be chosen in order to keep the difference
between the particle velocity, V , and that of the surrounding fluid, U , small. Assuming
spherical particles in a low Reynolds number flow, the Stokes’ drag law yields:
V − U = 2
9
a2(ρp − ρf )
µ
dV
dt
(4.1)
where a = 12dp is the tracer particle radius, µ is the dynamic fluid viscosity.
The density difference can be easily kept small for liquid flows, while for gas flow this
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Figure 4.2: Difference between particle and fluid velocities.
condition might be even impossible to fulfil. In the latter case, i.e. when the density of
the particles is much greater than the fluid density, the particle response to a step-wise
variation in the flow velocity, Up(t) follows an exponential law:
Up(t) = U [1− e−
t
τs ] (4.2)
where τp = d
2
p
ρp
18µ , named relaxation time, should be kept smaller than the smallest scale
of the flow, although in turbulence flow [? ] this condition might be never attained.
One of the most important parameter regarding the choice of the tracer is the particle
diameter dp: on one hand it should be small enough to keep the velocity difference (see
eq:4.1) small; on the other hand, since the scattering efficiency depends upon it, it is
preferred to choose the largest diameter so that the particles can scatter enough light
to be visible [? ].
The light scattering is a function of several parameters: refractive index ratio, size, shape
and orientation of the particles, as well as the observation angle of the cameras. The
scattering of light by particles with a diameter lerger than the wavelength of the incident
light λ occurs in the Mie regime, where the maximum of scattered light intensity is
attained at an angle of 180 degrees (forward scatter) with respect to the beam direction,
whereas the lowest values are attained for side scatter (see Fig:??): this obviously means
that also the camera’s view angle is an important parameter to take into account.
A good PIV set-up requires close attention to the light source arrangement. At least
Figure 4.3: Example of scattered light intensity in Mie’s regime.
three requirements should be fulfilled [? ]: the first one is that the particle images must
not appear as streaks but rather as circular dots, hence the duration of each illumination
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pulse δt should be kept small; as second requirements only the particles lying within a
thin sheet should be illuminated such that they can all be imaged in focus; the third
requirement is that the pulse energy should be sufficient enough to allow the seeding
particles to be detected.
As light sources, pulsed lasers are nowadays the most used, in which two pulses are
independently delivered by two separated lasers and then combined by a mirror and
a polarizing beam combiner; an alignment procedure is finally performed in order to
obtain a good overlap of the two laser sheets. The most important solid-state lasers for
PIV are the Neodym-YAG (Nd:YAG) and the Neodym-YLF (Nd:YLF): the latter one is
used for high-speed PIV, since the laser produces the highest pulse energy and average
power, with a repetition rate up to 10 kHz, while the Nd:YAG is preferred when high
pulse energy is required (it is able to illuminate regions of 0.5m2), although its repetition
rate is two order of magnitude lower than the Nd:YLF.
4.3 Correlation analysis
Once the images have been captured, a correlation analysis must be performed in order
to obtain the corresponding particles’ motion.
First of all every image is divided in small areas, which typical size ranges from 16x16
pixels to 128x128 pixels. Referring to a double frame/double exposure recording, a
statistical cross-correlation is then applied on two frames of the same image, where the
time delay between them coincides with the time separation, dt, of the two laser pulses.
This procedure yields a correlation peak for each sub-areas, at which corresponds the
mean displacement of all the particles contained within the same sub-area (see fig:4.4).
The velocity can then be easily obtained dividing the displacements by dt, multiplying
by the size of the pixel and dividing again by the imaging magnification M (the latter is
the ratio between the image distance di and object distance do, or equally, between the
image size and the imaged object size M = dido =
sensorsize
fieldofview ).
Besides the main peak, the cross-correlation function φ may yield other peaks due to
Figure 4.4: Explanatory scheme of cross-correlation procedure.
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noise or correlation of non-paired particles. The ratio between the main peak and the
second highest peak is called signal-to-noise ratio, SNR = φ1φ2 , and it can be seen as a
robustness index of the PIV measurement.
4.4 Stereoscopic-PIV
So far it has been explained the basic principles of PIV technique by using one camera
to record images, approach that is able to yield only two velocity components (2C-PIV).
All the three velocity components can be measured and recorded using a stereoscopic
approach, resulting in instantaneous 3D velocity vectors. Stereo vision is attainable by
means of two cameras, which record the same image at the same time. Once the particle
displacement [Dx; Dy; Dz] is known (see [? ]) we can determined the particle image
displacement vector [x′i − xi ; y′i − yi], as recorded on the image plane:
x′i − xi = −M(Dx +Dz
x′i
d0
) (4.3)
y′i − yi = −M(Dy +Dz
y′i
d0
) (4.4)
where M is the magnification factor and
tanα =
x′i
d0
(4.5)
tanβ =
y′i
d0
(4.6)
where α and β are referred to the XZ plane and YZ plane, respectively (see fig:4.5).
The velocity components (for one camera) are:
U1 = −x
′
i − xi
M∆t
(4.7)
V1 = −y
′
i − yi
M∆t
(4.8)
From the four equations is then possible to obtain the out-of-plane velocity component:
W =
U1 − U2
tanα1 + tanα2
(4.9)
In a stereo-PIV approach the focal axis of both cameras are incident, i.e. the object
plane is not parallel either to the lens planes nor to the image planes. To overcome
focusing problem, the Scheimpflug condition should be satisfied, thus the lens plane, the
object plane and the image plane for each cameras has to intersect in a common line
(see fig:4.6).
The most important issues of setting a good PIV set-up arise from the calibration of
the two cameras with the laser sheet. Every misalignment between them negatively in-
fluences the resulting mapping functions, whose aim is to reconstruct the three velocity
components (2D-3Components) from the recorded images (2D-2Components).
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Figure 4.5: Layout of a stereo viewing approach. Adapted from [? ].
Figure 4.6: Angular lens setup with Scheimpflug condition. Adapted from [? ].
A common calibration technique make use of a calibration plate with dots marked on its
surface and easily detectable by the cameras. This calibration plate must be first aligned
with the laser sheet and then shifted in z-direction in order to obtain a perspective view
(two images at different z-position are sufficient to this purpose); even more accurate,
a two-level calibration plate (see fig:4.7) can be used, without any need to shift. The
latter technique was used during this experimental campaign.
The plate-calibration procedure assumes that the calibration plate is perfectly aligned
with the light sheet plane, which is practically hardly possible. Moreover, vibrations or
temperature unavoidable during the measurements might cause further misalignments.
Self-calibration or disparity correction is a procedure which can correct for these mis-
alignments. The method is based upon actual PIV recordings. Basically the images
of both cameras are dewarped according to the original projection coefficients and a
cross-correlation is performed between images of each camera. The displacement data
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Figure 4.7: Calibration plate.
that results can be used to modify the mapping coefficients obtained from the plate-
calibration, thereby improving the alignment between the cameras.
Chapter 5
Experimental Set-Up
5.1 Introduction
The experimental campaign related to this research consisted of two main parts: the
first one focused on the nature of the forces exerted on the DelFly, with the aim of first
measure them, and then detect and isolate the contribution of the only aerodynamic
forces; the second part has been dedicated to the flow visualization by means of PIV
technique, while at the same time performing force measurements.
The experimental setup related to the first part will be analysed in chapter 5.2, while
for the second part the reader can refer to chapter 5.3.
5.2 Force measurements in vacuum chamber
Forces exerted on the DelFly during hovering flight in air are mainly due to the aero-
dynamic and inertial effects. This is no longer true when the flight is performed in
vacuum, where the first contribution is void. The non-aerodynamic forces have been
detected through force measurements in vacuum chamber; more specifically, through an
analysis of the related force spectrum. Subsequently, in order to take into account only
the aerodynamic effects, the harmonics of the force oscillation related to inertial and
structural modes have been filtered out.
The importance of this simple measurements is fundamental: since the aim of the current
research is to analyze the vortical structure of the DelFly and to describe the vortices
behaviour involved in its flight, it is necessary to get rid of all the force contributions
different from the aerodynamics one.
5.2.1 Set-Up
For the current experiment a basic version of the Delfy without tail, servos for pitch and
yaw control, camera and batteries was used. Two wing pairs were tested, with the same
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Figure 5.1: DelFly model in HTFD’s test section
wing shape used in previous experiments [5, 20, 29], but with different thickness (10 µm
and 5 µm, respectively), i.e. different flexibility.
The model was mounted upside-down on a strain gauge (see Fig:5.1), and together
were mounted on the Hypersonic Wind Tunnel (HTFD) test section (see Fig:5.2). The
purpose of this choice was to allow the DelFly to fly in vacuum, easily obtained by means
of the wind tunnel’s vacuum vessel, situated directly after its test section.
The strain gauge was connected with a custom made micro-controller-board, MCB (see
Figure 5.2: Hypersonic Wind Tunnel (HTFD)
Fig:5.4), which receives information about forces and moments exerted on the Delfly.
The MCB is one of the main component of this set-up: all signals, both inputs and
outputs, are processed by it. Throughout a PC connection, it receives the signal from
the DelFly-Control program, by means of which the user is able to set the flapping
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frequency of the DelFly. This information is then sent to a speed controller which drives
the motor of the DelFly. Furthermore the speed controller counts the flap cycles: indeed
it is able to count the electrical commutation of the brushless DelFly motor and to
read the hall sensor (fixed in the vicinity of the gear system) signal when a magnet,
stuck in one of the gear, passes in front of it (the reader is referred to 5.5 for a more
detailed description). It then gives a feedback signal to the MCB: the hundredth hall
sensor signal should be seen as the point from which the flapping motion has attained a
stability.
The data are finally sent to and collected in a Data Acquisition System (DAQ): current,
voltage, motor counts and hall sensor signal are received from the Micro-Controller-
Board, and forces and moments from the force sensor.
A more detailed description of both the Micro-Controller-Board and the force sensor are
given below, while for the other components the reader can refer to Bruggeman’s Master
Thesis [5], in which he provided a detailed review of all them.
To better understand how the components have been connected up and how they work
together, an explanatory scheme is reported in Fig:5.3.
Figure 5.3: Scheme of the Set-Up used for force measurements in vacuum chamber.
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5.2.2 Components
5.2.2.1 Micro-controller board
This custom made controller board (see Fig:5.4) was designed by Christophe De Wagter
at the MAVlab of TU Delft. It has been used since the experimental campaigns carried
out by both Groen and Bruggeman [5, 29].
Throughout a connection with the PC the MCB receives the input signal from the
Figure 5.4: Controller-board. Adapted from [5]
DelflyControl program, as well as the necessary power to be run. Another connection
(labelled as ’Delfly model’ in fig:5.4) is prearranged to receive feedback from the DelFly’s
motor controller and at the same time to supply enough power to it. The same con-
nection is also used to send the information about the flapping frequency to the speed
controller. The Hall sensor has its own connection, separated from the other.
All the collected data are then sent to the DAQ system (see ??), which transfers them
to another PC.
In fig:5.4 two more connections are shown: the one labelled as ’PIV’ would be after-
wards used in the PIV Set-Up to trigger the laser and the cameras (see:5.3.1), whereas
the PICAS connection has been kept oﬄine, since the new force sensor (see 5.2.2.2) no
longer needed a Picas amplifier, as used previously [5, 29].
5.2.2.2 Force sensor
The force sensor at issue is the six component force balance Nano 17 Titanium (see left
fig:5.5), developed by ATI Industrial Automation. The choice of using such a sensor
is twofold: it has a very fine resolution, down to 0.149 gram-force, and high resonance
frequencies in all directions.
This sensor is connected with the top of a balance support (see right fig:5.5), designed
and built during the experimental campaign of Eisma [20], whose resonance frequency
is far higher than those involved in the power force spectrum of the DelFly.
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Figure 5.5: Left: force sensor Nano 17. Right: the balance’s structure. Adapted from
[20].
5.3 PIV measurements
This chapter will focus on the main part of this Thesis project, i.e. the visualization
of the flow around the wings and on the wake of a hovering Delfly model by means of
Time-Resolved Stereo-Particle-Image-Velocimetry (Stereo-PIV) technique, while at the
same time performing force measurements.
By using three different set-ups, as they will be introduced later on, almost the whole
region of main interest behind and on the wings of the DelFly has been captured, so
that image-processing has subsequently revealed the vortical structures formed and shed
during every flap cycle.
In the chapter 5.3.1 a general description of the three set-ups is reported; in 5.3.2 a
summary of the components and instrumentations involved for PIV measurements is
presented, as well as the PIV settings (5.3.3). Finally, techniques used to reconstruct
the wake and to interpolate the results (5.4) are described.
5.3.1 Set-Up
The experiments were performed in quiescent environment, thus in an open test section
wind tunnel at zero free-stream velocity at the Aerodynamic Laboratory at TUD. This
choice was constrained by the fact that the particles generator (5.3.2.1) is implemented
in the wind tunnel itself and that running the wind tunnel during the particles seeding
allowed a faster and more homogeneous distribution.
The same basic version of the DelFly used for vacuum test (5.2.1) has been used for PIV
measurements. Setting up all the components needed for this experimental campaign
required great attention: in particular the structure which supported both the balance
and the three cameras has been built in order to be as more versatile as possible. In
this way it has been easier to introduce little changes such as modifying the position
of the cameras as well as switching from one set-up to the next. Force measurements
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have been performed using the same balance and force sensor system described in 5.2.2.2.
Synchronization between PIV and forces measurements has been fulfilled by the seventh-
channel signal, that will be described later on (5.5).
All the connections necessary to record force signals have already been discussed in 5.2.1,
while a description of the PIV set-up will be presented in the following.
It is also worth to say that since previous experiments near the wings [6, 29] had suffered
from the reflection caused by Mylar foils, the wings were sprayed with a mat black
paint. This indeed improved the quality of the raw acquired images, although it did not
completely eliminate the reflection problem.
Figure 5.6: Pair of painted standard wings.
5.3.1.1 Planes of interest
As mentioned above, three different set-up have been arranged in order to capture
the flow field on several plane with different orientation with respect to the DelFly.
Three cameras have been used during the entire experimental campaign. For the on-
wake measurements (Figs:5.7,5.9) two of them focused on the plane of interest, thus on
the plane illuminated by the laser sheet; the third camera was located in front of the
DelFly, with the focal axis parallel to the fuselage. The choice of using a third camera
in that position was made in order to capture the leading edge motion of the DelFly
and, as a consequence, to always have a reference position. Conversely, for the on-
wing measurements (Fig:5.11), all the three cameras were used to focus on the plane
illuminated by the laser sheet. The choice of using three cameras for a stereoscopic
approach provided the possibility of capturing both the structure within the wings and
outside them during the fling phase, which otherwise would be impossible using only
two cameras due to the shadows and visual obstruction by the wings.
All these planes focused on one wing-pair only, thus on the left or on the right side of
the DelFly with respect to the fuselage; basically the symmetry (with respect to a plane
parallel to the fuselage and normal to a horizontal plane) of both kinematics and kinetics
behaviour allowed to perform visualization only on one wing’s pair at each time: this
assumption permitted to capture a larger field of view, necessary to follow the vortical
structures shed by both the wings’ tips and the wings’ edges at the end of the outstroke.
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It must be reminded that the DelFly has a dihedral angle (≈ 13deg), which introduces
an asimmetry between the wings (upper and lower) and the horizontal plane. This
kinematic feature affects also the vortex dynamic, and sometimes the vortical structures
of the upper and lower wings may seem uncorrelated. In Appendix:A a more detailed
description of the aforementioned asymmetry is reported.
The three set-up can be classified as follows:
Figure 5.7: First set-up arrangement: on wake measurements, plane in chord-wise
orientation.
Figure 5.8: Schematic reproduction of the first set-up arrangement: on wake mea-
surements, plane in chord-wise orientation.
1. First set-up: on-wake, chordwise-aligned planes. The orientation of the
plane and of the laser sheet was parallel to the fuselage (see fig:5.7 and fig:??).
The first plane was placed at a distance of 20 mm outboard (normal to the laser
sheet) from the fuselage and after every recording the complete balance-DelFly
system was shifted by steps of 20 mm with respect to the laser sheet. In this
manner, thus shifting the DelFly of 20 mm after every measurements, up to 20
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planes have been analysed.
It must also be said that shifting the beams of the structure was made manually
by use of ruler guides stuck on the beams themselves. As a result, all the nominal
position of the planes are affected by parallax error, and this statement is valid for
all the three set-ups.
2. Second set-up: on-wake, spanwise-aligned planes. The orientation of the
laser sheet was normal to both the horizontal plane and the fuselage. The first
plane was located 10 mm behind the trailing edges (see fig:5.9 and fig:5.10); af-
ter every measurement the DelFly with the balance structure was further shifted
10 mm forward. After the first 8 planes, the distance between them has been
incremented to 20 mm, and 6 more planes were captured.
Figure 5.9: Second set-up arrangement: on wake measurements, plane in span-wise
orientation.
Figure 5.10: Schematic reproduction of the second set-up arrangement: on wake
measurements, plane in span-wise orientation.
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3. Third set-up: on-wings, chordwise-aligned planes (see fig: 5.11 and fig:5.12).
As for the first set-up, the laser sheet was again orientated in chord-wise direction,
coming straight from the front, but with the difference that the object plane was
this time centred on the wings themselves. The goal of this choice was to disclose
the vortical structures’ initial behaviour, from their birth to the final shed; the
knowledge of these first instants would provide an even more detailed description
of the aerodynamics mechanisms that make the DelFly hovers.
As already said, for this last most challenging set-up the third camera was used
as an additional point of view for a stereoscopic approach.
Figure 5.11: First set-up arrangement: on wake measurements, plane in chord-wise
orientation.
Figure 5.12: Schematic reproduction of the first set-up arrangement: on wake mea-
surements, plane in chord-wise orientation.
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5.3.2 Components
5.3.2.1 Seeding generator
The particles used for the current experiments are water-glycol based, with a mean
diameter of 1µm. The generator (SAFEX generator) is implemented in the wind tunnel.
Before the start of each experiment, the wind tunnel room was completely filled with
these particles, with the result of a faster and more homogeneous distribution.
5.3.2.2 Laser
A double pulse Nd:YLF laser of the type Quantronix Darwin Duo 527-80 is used. It
is a dual oscillator/single head diode pumped Nd:YLF laser. The combination of two
independent oscillators allows complete control of pulse separation and pulse energy.
The laser emits light at a wavelength of 527 nm. The total energy per pulse is 50 mJ. It
has a high repetition rate which varies from 0.1 to 10 kHz, making it suitable for high
speed PIV applications. The pulse duration is 120 ns.
5.3.2.3 Camera
The three cameras used for this experimental campaign are the HighSpeedStar6 cameras
from LaVision. With resolution of 1024 x 1024 pixels at frequencies up to 5400 Hz they
are an optimum trade-off between high-speed recording and quality of the images. The
camera uses a CMOS sensor chip with a pixel size of 20µm x 20µm and a sensor size
of 20.5 x 20.5 mm2. The internal storage capacity is 8 gigabyte. The cameras were
equipped with 60mm Nikon lens; they were controlled with the High-Speed controller
(5.3.2.4).
Figure 5.13: HighSpeedStar6 camera - LaVision.
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5.3.2.4 High Speed Controller
A High Speed Controller (HSC), provide by LaVision, was used to trigger both laser
and cameras. The HSC is controlled by the Davis software. It receives an external pulse
from the DelFly Micro Controller Board, after which it sends a trigger signal to both the
laser and the thee cameras. Pulse width and interval between pulses can be controlled
accurately with this HSC.
5.3.2.5 Software
Provided by LaVision, Davis 8.2.0 is the software used during the current research to
control the laser and camera setting, perform plate- and self-calibration, image pre-
processing and analysis, data post-processing and data displaying. A cross correlation
algorithm is implemented in order to reconstruct the particle displacement between
different images. Several parameters can be set in Davis so as to arrange the best custom
procedure for every case. In fig: 5.14 is reported a view of the ”Processing-panel” of
Davis 8.2.0; it can be seen how to set a list of operations and the related parameters,
such as interrogation window sizes, percentage overlap and number of iterations.
Furthermore custom algorithms written in Matlab are used to detect the leading-edges
Figure 5.14: View of the ”Processing panel” of Davis 8.2.0.
motion and to interpolate the data between the subsequent planes (see: 5.4).
5.3.3 PIV settings
Setting all the parameters to succeed in a good PIV set-up goes at the same pace with
the building of the set-up itself. From the position of the cameras to the offset angle
between them, from the size of the object plane (the plane illuminated by the laser) to
the particles’ dimensions, from the focal length of each camera to the timing of the laser
pulse, everything has been taken into account, and adjusted to obtain the most reliable
set-up. In the following are presented: the laser setting (5.3.3.1), the cameras setting
(5.3.3.2) and the image-processing procedures (5.3.3.3).
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5.3.3.1 Laser
Time-resolved PIV has been performed, with the aim of having the temporal resolution
as high as possible. The PIV system provides a single illuminated image for each illu-
mination pulse (multi-frame PIV approach, see [28]). Since in the current experiments
a double-frame approach has been used, two laser pulses separated by a time delay δt
are needed (see fig:5.15). The importance of this time separation δt is fundamental:
by varying its value also the number of particle pairs (identified by a cross-correlation
analysis) varies. Having a too high value of δt means that a particle, detected in the first
frame, is lost and not anymore visualized in the second frame. Conversely, a too small
value yields poor reliability in the resultant velocity vector field, due to small displace-
ments of the particle in the two subsequent frames. As a result, δt directly affects the
Signal-to-Noise ratio (SNR). Scarano [37] also suggests to set the value of δt based on
the one-quarter rule: the maximum out-of-plane displacement should be less that 1/4
of the light sheet thickness. Checking both the value of the SNR (high values indicate
high robustness of the PIV measurement, see [37]) and the out-of-plane displacement of
the particles helped to chose the most suitable value of δt for every measurements. For
the current experimental campaign, its value ranged between 200 and 500 µs.
Thanks to an appropriate set of mirrors and lenses (Fig: 5.16), the thickness of the laser
Figure 5.15: Double-frame PIV approach.
sheet was 2-2.5 mm. Having such a small thickness entailed small time pulse separation,
but at the same time a higher energy intensity of the light. Since all the cameras worked
in a side (or quasi-side) scatter mode, much light intensity was required, thus a narrow
laser sheet.
5.3.3.2 Particles imaging
The motion of the particles is imaged on the camera’s sensor. The parameters that
influence the imaging system are [28, 37]: focal length f, f-number f] = f/D (where D
is the lens aperture diameter) and magnification number M.
The particle image has a geometric diameter dgeo = Mdp, where dp is the effective
particle diameter. Taking into account also the diffraction effect (ddiff = 2.44λ(1+M)f])
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Figure 5.16: Assembled set of lens and mirrors used for the whole experimental
campaign.
Scarano [37] proposes an approximation of the resulting particle image diameter:
dτ =
√
(Mdp)2 + (ddiff )2 (5.1)
The assumption behind equation 5.1 is that the particle is imaged in focus, thus the focal
depth δz (δz = 4.88λf](
M+1
M )
2) of the optical system is bigger than the laser thickness.
This became an essential rule especially for the oblique-looking cameras, which were also
equipped with Scheimpflug adapters.
The size of the field of view varied from 21x21cm2 for the third setup to 24x24cm2 for
the second and first setup. In the following two tables (5.1,5.2) report the parameters
described so far for the three set-ups.
The recording frequency was kept constant at a repetition rate of 200 Hz for all the
measurements.
f] M α [degrees] dτ [µm]
Camera 1 4 0.085 0 5.6
Camera 2 5.6 0.085 40 7.8
Table 5.1: Imaging parameters of the first and second set-up.
When the particle diameter is smaller than the pixel size, the particle position is affected
by an error up to 0.5 pixels, due to the fact that there is no subpixel accuracy. This
phenomenon is called peak locking (i.e. the particle displacement is ”locked” to integer
values). Davis provides a histogram which shows the decimal values of each velocity
component in the measurement data. It also provides a peak lock value, calculated as:
peaklock = 4(0.25− com) (5.2)
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f] M α [degrees] dτ [mm]
Camera 1 4 0.097 0 5.65
Camera 2 5.6 0.097 -40 7.9
Camera 3 5.6 0.097 40 7.9
Table 5.2: Imaging parameters of the third set-up.
where com is the center of mass of the histogram shown in Fig:5.17. Peak locking ranges
between 0 and 1: the higher is its value the stronger is the peak locking effect and the
positional error. For the histogram of Fig:5.17 the peak lock value is 0.05.
Figure 5.17: Histogram showing the decimal value of particles’ displacement. Shot
from Davis 8.2.0.
5.3.3.3 Image Processing
As already mentioned before 5.3.2.5, Davis allows the user to pre-process, analyse and
post-process data. First of all self-calibration was performed for each data-set. This
procedure makes use of recorded images to correct the plate-calibration for any mis-
alignment between the cameras and the laser sheet.
Image pre-processing was then performed to get rid of the reflections of the Mylar foils.
For the first and the second set-up a sliding minimum subtraction (i.e. the subtraction of
a light intensity minimum over a specified scale length from the pixels in the same area)
and normalization of the light intensity over the complete image with a local average
were performed. The third set-up, since it was the most affected by reflections, required
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additional operations: a time-based filter analysed the images of a complete data-set in
order to find an average of the light intensity. This average was subsequently subtracted
from the images themselves with the result of having minimized the reflections coming
from fixed objects, such as the sensor or the gears. Sliding minimum subtraction and
normalization were performed twice.
Stereo cross-correlation is performed over small interrogation windows with a multi pass
function. In the first step the image is divided in interrogation areas of 256 x 256 pixels
with an overlap factor of 50%. In the final refinement step the interrogation area is
decreased to a 64 x 64 pixel size with an overlap factor of 75%, resulting in a vectors
spacing of approximately 3 mm in each direction. A benefit of this multi pass technique
is the increased SNR value due to an increased number of particle pairs in both windows.
Image postprocessing is then performed to eliminate incorrectly determined velocity vec-
tors (spurious vector or outliers) [28]. This phase consists of a few steps: validation of
the raw data (universal outlier detection), removal of outliers, and replacement of these
based on a vectors’ interpolation (for the last step were inspected 5 x 5 x 5 neighbors to
replace the outliers).
5.4 Wake reconstruction
A deep analysis of the wake has been made by means of the processed images obtained
from the first and second measurements (relative to the first and second set-up, re-
spectively). Two different methods have been used to elaborate the images in order to
obtain a three-dimensional wake representation. These, presented in the next sections,
are: temporal and phase-lock reconstruction.
5.4.1 Temporal reconstruction
This method has been used for the images of the second measurements (second set-up),
thus on the spanwise-aligned planes. From a single measurement plane (located at 10
mm downstream from the trailing edges) the images of two subsequent flapping cycles
were employed to generate a three-dimensional representation of the wake structures by
using a convection model. This implies that the data of the chosen measurement plane
are swept backwards with a mean velocity (see Appendix ??) and with the assumption
of non-deforming wake. Since the absence of a free-stream velocity, the aforementioned
velocity and, consequently, the distance between the planes, is small: this results in a
spatial resolution of 4 - 6 mm in the streamwise direction for the given image recording
rate of 200 Hz. In Fig: 5.18 a simple scheme represents the convective process so far
described.
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Figure 5.18: Explanatory drawing of the temporal reconstruction method.
5.4.2 Phase-lock reconstruction
As previously mentioned (5.3.1.1) concerning the first set-up, several chordwise planes
were measured at different locations in spanwise direction. In order to be able to re-
construct an instantaneous three-dimensional wake representation, the same stroke
angle phase must be detected for all the aforementioned planes, thus a synchronization
method was strictly necessary (see 5.5). Moreover an interpolation technique was re-
quired and, following the previous experimental campaign carried out by Eisma [20],
Kriging regression [21] has been chosen as the most suitable one. More specifically, a
Kriging regression associated with a local error estimate (Kriging LE) has been used:
developed by J. de Baar et al. [21], this newly interpolation technique makes use of the
well-know Kriging regression technique modified to incorporate the local measurement
uncertainty in the regression process. The uncertainty model is based on the SNR of
the PIV measurements. In [21] de Baar proved that Kriging LE yields improved results
in the case of images of low quality (affected by reflection or underseeding) and lower
interpolation error compared to other interpolation techniques, such as cubic spline in-
terpolation. The reader is referred to [21] for further description of the technique.
In this procedure one plane is interpolated between each of the measurement planes
resulting in a spatial resolution of 10 mm in the spanwise direction.
5.5 Synchronization between force and PIV measurements
A synchronization procedure was needed for two purposes: 1) to relate an instantaneous
velocity vector field with the corresponding thrust-force generation, and 2) to obtain
the same stroke angle phase for several chordwise-aligned planes located on different
spanwise positions (see First set-up, 5.3.1.1) for the subsequent interpolation and wake
reconstruction.
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Thanks to the motor-controller of the DelFly, the Micro-Conroller-Board (MCB, 5.2.2.1)
is able to count the electrical commutations of the brushless DelFly motor, as well as to
read the Hall sensor signal when a magnet, placed on one of the driving gears, passes
in front of it. After 100 flapping cycles (counted by the Hall sensor), the MCB sends a
signal to the PIV High-Speed-Controller (5.3.2.4) and image acquisition starts. Motor
pulses (3-5 Volts) and Hall sensors signals (-2 Volts) are acquired by the seventh channel
of the DAQ system. As long as the cameras and laser are not triggered, no motor pulses
are logged. An example of the seventh channel signal, including the points at which the
PIV image are taken, is shown in Fig:5.19.
The relation between the seventh signal and the actual leading edge position is not
Figure 5.19: Seventh-channel signal. The green dots indicate the instant when a PIV
image is taken, black dots indicate the start of a flapping cycle, red dots indicate motor
counts.
perfectly known, yet. Another measurement is therefore needed: the flapping motion of
the wings was captured at a recording frequency of 1 kHz through a high speed camera
positioned normal to the wings of the DelFly model. Simultaneously, the synchronization
signal generated by the MCB system was acquired. Finally, an appropriate Matlab script
was used to detect the leading edges’ motion, to calculate the phase angle of the upper
wing, and to correlate it with the synchronization signal. In Fig: 5.20 is reported the
phase angle trend of the upper wing detected by the Matlab code.
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Figure 5.20: Phase angle trend of the upper wing.
Chapter 6
Results
The experimental campaigns concerning the current research have been described in
Chapter 5. The results obtained so far are reported here. However, it must be stated
that due to the massive amount of (collected) data to be processed and analysed and
because of time constrains, not all the cases will be presented. The demanding reader
is then referred to future and further studies.
The current research is aimed to: 1) reveal the generation and subsequent shedding of
the vortices from the wings of the DelFly, 2) relate the vortex dynamics to the thrust
measurements (i.e. the force component parallel to the fuselage of the DelFly) and 3)
make a comparison between three wing pairs with different Aspect Ratio (AR).
Two flapping frequencies, 9 and 11.2 Hz, have been tested. However, only the 11.2 Hz
case will be discussed in the following sections.
In the first paragraph 6.1 results from the force measurements performed in vacuum
are given; it then follows an analysis of the PIV measurements for the Std-wing case
6.2, as well as of the derived volume three-dimensional wake reconstruction; finally, a
comparison of the vortices’ behaviour and the wake topology between the aforementioned
wing pairs in reported in 6.2.4.
6.1 Analysis of the frequency spectra of the thrust-force
Force measurements were performed at the beginning of the experimental campaign to
analyse the related Frequency Spectra. The Power Spectral Density (PSD) [N2/Hz]
has been calculated via Welch’s method (pwelch-function in Matlab). The aim of the
experiment was to pinpoint the force components related to aerodynamic effects, so
as to filter out all the others and to subsequently obtain a thrust-force plot with only
aerodynamic contributions. To do that, force measurements were performed in air and
under near-vacuum condition (≈ 50Pa) for a standard wings pair (Std-wing) at several
flapping frequencies (from 8Hz to 14Hz). In the following only the analysis of the
measurements for a flapping frequency of 12Hz is reported. However, from all the
measurements, the same conclusion can be drawn. All the results show a consistent
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and non-negligible presence of high-frequency peaks, ranging between 200 and 300 Hz
(see Fig:6.1). It is likely that these peaks in the force spectrum are due either to the
Figure 6.1: PSD of the thrust-force measurements in air for a standard wings case.
Flapping frequency: 12Hz.
revolutions-per-minute (rpm) of the motor of the Delfly (whose rpm is ≈ 250Hz), or
to the imperceptible rocking motion of the DelFly itself (the sensor clamp, where the
fuselage is mounted, is not perfectly rigid), or to any unexpected kind of resonance.
Because of the complex nature of these vibrations, the study of the force spectrum
focused only on the first harmonics (that are thought to be the most substantial), thus
up to 150Hz.
In Fig: 6.2 a comparison of the thrust-force PSD in air and in vacuum is shown. First of
all it must be clarified that the mismatch between the overlapped peaks is due to a small
difference in the flapping frequency (±0.1) with respect to the nominal one (12Hz); the
reason is owing to unavoidable noise (length of the cables, non-sufficient wires shield,
etc.) in the signal sent by the DelFly software to the motor controller. Although this
doesn’t influence the quantitative analysis of the aerodynamic mechanisms, it inevitably
affects the plot at issue. However, at a first glance, it is clear that only the first two
harmonics (12 and 24 Hz) are related with certainty to aerodynamic forces, while the
others might be related to inertia, structural effects or coupling between aerodynamic
and structural modes. An overall look at the plot also reveals the non-negligible effect of
air damping: apart from the two first harmonics, all the peaks in vacuum are higher than
those in air, and sometimes the latter even seem to vanish (right-half part of Fig:6.2).
The force data were therefore filtered by means of a Chebyshev Type II low-pass filter,
with a cut-off frequency of twice the forcing frequency. This would allow to match the
vortices behaviour with the generation of aerodynamic forces (thrust-force).
The reader is suggested to keep in mind that any force trend shown in the following
sections has been plotted exclusively after being filtered.
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Figure 6.2: Comparison of the PSD of the thrust-force measurements in air (blue
line) and in vacuum (red line) for a standard wings case. Flapping frequency: 12Hz.
6.2 PIV results
Flow visualizations have been performed by means of Stereo-PIV on several planes
around the wings and near the wake of the DelFly, as already described in chapter
5. The aim of such a demanding experimental campaign is threefold:
• to reveal the generation and subsequent shedding of the vortices from the wings
of the DelFly;
• to relate the vortex generation mechanisms with the thrust-force production.
• to follow their trend throughout the wake and to generate a three-dimensional
representation of it;
The analysis of the vortical structures and of the wake topology presented in the following
sections refers to the Std-wing case, while a comparison with the other wings pairs is
reported in the followin sections (see 6.2.4).
6.2.1 Around-wings measurements
In this section the data obtained from the experiments on the third set-up 5.3.1.1 are
analysed and discussed.
Seven chordwise-aligned planes were captured at several spanwise positions: from 4
cm outboard from the root to 16 cm (the distance between each plane is 2 cm). By
overlapping the resultant vector fields with the corresponding image recordings of the
second camera, it is possible to investigate the vortex behaviour while at the same time
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visualizing the position and shape of the wings. Firstly, an overall description of the
vortex behaviour for a plane at 10 cm from the root has been made by analysing different
phases in a flapping cycle. This may help the reader to get acquainted with both the
method of visualizations and the general trend of the vortices. Afterwards, also other
planes will be looked into.
The vortices are labelled in order to better follow their trend throughout the images: each
label reports the typology (LEV or TEV), the stroke phase (IN or OUT, for instroke or
outstroke, respectively) and the wing to which they belong (T or B, for top or bottom).
The black bands mask the regions affected by the shadow of the wings: the lack of
illumination in these regions makes the evaluation of a velocity vector field unreliable.
Other issues regarding the presentation of the results need to be mentioned as well. First
of all, due to the presence of the force sensor, the lower region is much more affected by
reflection than the upper one, and this impacts the correct representation of the velocity
vectors in this region. Secondly, because of the dihedral angle, the laser sheet doesn’t
illuminate the wings at the same nominal spanwise position (see Appendix A): this may
cause that the position of vortical structures may occasionally seem to be uncorrelated
between the two wings. For the sake of simplicity, henceforth only the structure of the
upper wing will be discussed (unless mentioned otherwise).
Figure 6.3: Two different moments of the clap mechanism. Plane located at 10 cm
from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time separation
between images: 0.005 sec.
In Figs:6.3,6.4 four different moments of the clap-and-peel phase are presented. Starting
from the left picture of Fig:6.3, it can be clearly seen that there are two vortices at
the start of the clap, labelled as LEVINT and TEVINT , generated during the instroke.
While the LEVINT is still attached to the wing, the TEVINT seems to be just shed into
the wake. It then moves slowly backwards, until it is not anymore possible to track it
because of the masked region (right picture of Fig:6.4). The LEVINT , instead, moves
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Figure 6.4: Two different moments of the peel mechanism. Plane located at 10 cm
from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time separation
between images: 0.005 sec.
around the leading edge and it is shed forwards: there it encounters the counter-rotating
vortex from the lower wing (LEVINB ), and they presumably annihilate each other. Dur-
ing the initial instants of the oustroke (Fig:6.4), air swirls around the leading edges and
rolls up into two intense LEVs (LEVOUTT and LEVOUTB ); as a consequence, an air
inrush is clearly visible in the cleft between the wings.
Approximately at the middle of the outstroke (Fig:6.5) the trailing edges have already
moved away from each other, and more air between the wings acquires induced velocity
and momentum because of the presence of the two LEVOUT s. The thrust experienced
by the wing can be then interpreted both as a reaction to the time rate of change of
this momentum and a suction force applied on the inner side of the wing itself. It must
also be noted that during these phases, i.e. during the peel and the first instants of the
outstroke, the wings experience the highest angle of attack, which presumably entails
the highest thrust-force (see 6.2.2).
Approaching the end of the outstroke (Fig:6.6) it is again possible to see the TEV
(TEVINT ) shed during the previous instroke, which still slowly moves backwards. Also
(right picture of Fig:6.6), as soon as the trailing edge starts rotating around the lead-
ing edge, a new TEV (TEVOUTT ) is shed into the wake (the latter will diffuse quickly
and it will not be visible anymore after the start of the new instroke). Conversely, the
LEVOUTT seems stable and still attached on the wings. It is evident (left picture of
Fig:6.6) that it has grown larger and that it now covers the whole chord-length. The
wings have experienced the so-called delayed stall (see 2.1.3.1).
The LEVOUTT is apparently shed at the stroke reversal (Fig:6.7), when the tips of the
upper and lower wings are parallel. During this phase we also expect to have a minimum
in the thrust-force generation since the angle of attack (AOA) is almost zero and the
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Figure 6.5: Middle of the outstroke. Plane located at 10 cm from the root in spanwise
direction. Flapping frequency: 11.2 Hz.
Figure 6.6: Two different moments in the flap cycle during outstroke. Plane located
at 10 cm from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time
separation between images: 0.01 sec.
wing doesn’t benefit from the LEV anymore.
Images of the first phases of the instroke are not reported here, due to stronger reflec-
tions on the outer side of the wings. However, even if not shown, one can intuitively
speculate that the formation of LEVINs and TEVINs occur during these phases and
that they are not shed in the wake before the clap (Fig:6.3).
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Figure 6.7: Middle of the stroke reversal, AOA ≈ 0deg. Plane located at 10 cm from
the root in spanwise direction. Flapping frequency: 11.2 Hz.
Comparing the results from different planes reveal that the general vortex behaviour
briefly described so far is similar and consistent along the wing span. However, it is
worth to mention two important features that have been recognised only in the vicinity
of the root, thus on the planes located at 4 and 6 cm. In Fig:6.8 are reported three
different phases of the clap-and-peel mechanism in the plane positioned at 6 cm from
the root are shown. The TEVINT shed during the clap soon divides into two different
TEVs (labelled as TEVINT and TEV
′
INT
): the TEV ′INT moves upwards and seems to
disappear at the beginning of the peel, while the TEVINT behaves like the one previ-
ously described for the plane located at 10 cm from the root. Although the cause of this
separation is not yet clear, one may already question how this phenomenon might affect
the wake structure and the forces generation. The same feature is consistent at 4 cm
from the root: in Fig:6.9 two different moments of the clap-and-peel are reported at this
spanwise position. From a comparison between Fig:6.8 and Fig:6.9 it can be affirmed
that the TEVINT closer to the root has a stronger intensity (in terms of vorticity) then
the others and it is likely that for this reason it divides later into two vortices. During
the subsequent phases, the TEV ′INT moves upwards and defuses around the middle of
the oustroke while the TEVINT keeps moving backward until it is no longer visible in
the field of view of the three cameras.
The other feature to be mentioned concerns the behaviour of the TEVOUTT . A com-
parison between Fig:6.10 (plane at 6 cm from the root) and the right picture of Fig:6.6
(plane at 10 cm from the root) provides a clear evidence that this vortex is no longer
present in the wake of the Delfly in the vicinity of the root. The reason may be related
to the shorter distance and a delayed separation between the trailing edges during the
peel: both these effects seem to nullify the formation of the TEVOUT s.
Moving towards the tips of the wings, the laser sheet illuminates the wings only when
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Figure 6.8: Three different moments of the clap-and-peel mechanism. Plane located
at 6 cm from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time
separation between images: 0.01 sec.
they touch each other, thus only at the clap. For all the other phases, it is then possible
to see only the vortical structures shed during the clap, while we lose sight of the
vortices that remain attached to the wings. This supports the hypothesis that the TEVs
(TEVINT and TEVINB ) are shed during the clap and that they move backwards keeping
the same spanwise position throughout the whole flapping cycle. Fig:6.11 describes
behaviour at the end of the outstroke, in the plane located at 14 cm from the root.
An analysis of the position of the cores of the TEVINT and TEVINB at 6cm, 10cm
and 14cm (Figs:6.10,6.6,6.11, respectively), reveals how these vortices are inclined to
get closer to each other when approaching the wing tip. This finding suggests that
there is a continuous complex structure (a ”U-shaped vortex”) which is formed by two
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Figure 6.9: Three different moments of the clap-and-peel mechanism. Plane located
at 4 cm from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time
separation between images: 0.01 sec.
Figure 6.10: End of the outstroke. Plane located at 6 cm from the root in spanwise
direction. Flapping frequency: 11.2 Hz.
TEV-tubes (upper and lower) shed from the trailing edges at the clap and which are
connected at the tip. An in-depth temporal analysis of this structure at the tip of the
wings (plane at 14 cm from the root, Figs:6.11, 6.12), shows that the TEVINs at this
spanwise position diverge from each other as they move backwards, until they annihilate
and are no longer detectable (see right picture of Fig:6.12). This behaviour suggests that
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Figure 6.11: End of the outstroke. Plane located at 14 cm from the root in spanwise
direction. Flapping frequency: 11.2 Hz.
the ”U-shaped vortex” starts defusing with the separation of the upper and lower TEV-
tubes and that at this point its motion in the wake becomes more irregular (the two
TEV-tubes do not anymore move backward with the same velocity, Fig:6.12).
Figure 6.12: Beginning (left) and middle of the instroke (right). Plane located at 14
cm from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time separation
between images: 0.02 sec.
Chapter 6. Results 72
6.2.2 Thrust-force generation
Thrust (viz. lift) is the force in the direction parallel to the fuselage of the DelFly that
keeps it aloft in hover. The measured time variation of thrust over two flapping periods
is shown in Fig:6.13 for the considered wing geometries for the flapping frequency of 11.2
Hz. Forces are complemented with the variation of the stroke angle (green line). The
number labels 1-8 indicate the instants when the PIV images (given in Figs: 6.3-6.7)
were recorded at 10 cm from the root. The start of the period is defined based on the
Hall sensor input and corresponds to approximately middle of the instroke.
Figure 6.13: Time variation of thrust plotted for two periods of the flapping motion
at the flapping frequency of 11.2 Hz complemented with the variation of the stroke
angle (green line).
The reciprocating nature of the flapping motion of the DelFly wings results in the for-
mation of two peaks in the flap cycle with relatively more thrust generated during the
outstroke. The clap-and-peel motion starts with the approach of the wings at the end
of instroke (Fig:6.3-1). The minimum force is generated approximately at the instant
when the wings surfaces are roughly parallel to each other (Fig:6.3-2) and the leading
edges just start the stroke reversal. At this phase, although the LEVIN s are present in
front of the wings, the lack of vertical wing area results in diminished force generation.
Thrust rapidly increases with the start of the peel motion due to inrush of the fluid
into the gap between the wings and formation of the LEVs (Fig:6.4-3 and 4). Force
generation peaks at the middle of the outstroke (Fig:6.5-5), when the wings have the
largest deformation, thus highest effective angle of attack, and the LEVOUT is still pent
up to the fore, in the vicinity of the leading edge. Subsequently, the trailing edges start
rotating around the leading edges, diminishing the effective angle of attack, and the
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LEVOUT s start spreading over the chord: as a consequence thrust generation start di-
minishing (Fig:6.6-6 and 7). The (absolute) minimum in thrust production is reached at
the very end of the outstroke, when the tips of the wings are parallel and the LEVOUT s
are weaker (Fig:6.7-8).
To better clarify the importance of the angle of attack, the following picture (Fig:6.14)
Figure 6.14: Simplified representation of the resultant thrust-force exerted on the
DelFly. On the left side are reported two first-camera recordings at 10 cm from the
root (corresponding with instants 5 and 6 in Fig:6.13), while on the right side are
reported the related schematic representations.
make a comparison of the wing deformation for the two instants of the outstroke just
discussed above (in Fig:6.13 they are labelled as 5 and 6, respectively). Thanks to the
first camera recordings (left pictures), it is indeed possible to draw a deformed-wing
section by tracing the path of the laser sheet on the wing itself. An approximated repre-
sentation of the suction force is also reported, although its intensity, as well as its point
of application were not investigated. At the middle of the outstroke (top pictures) the
wings experience a higher (geometrical) angle of attack, α > α′. For this reason, even if
the suction forces were higher in the subsequent phase (bottom pictures), the resultant
thrust-force would be smaller, as confirmed by the force plot of Fig:6.13. Although there
is nothing scientific behind this simple qualitative method of representation, it may be
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useful to convey the fundamental role of the wing flexibility, as well as that of the LEV.
In the subsequent instroke, even if no images are reported (the strong reflection of the
Mylar foil makes the images unreliable), the wings experience the same thrust-trend:
the leading edges move inboard and two LEVINs form on the outer side of the wings.
The second peak in the thrust generation is reached approximately at the middle of the
instroke, when the effective angle of attack is presumably higher. As soon as the trail-
ing edges start rotating around the leading edges, the thrust production drops until it
reaches another time a minimum (Fig:6.3-2): a new flapping cycle will then start again.
The reader may wonder why at the end of the oustroke the wings experience an abso-
lute minimum in thrust production, while at the end of the instroke the minimum is
only relative: although already demonstrated in several research [27, 40] but not yet
well-proved for the DelFly, it is likely that during the clap, a jet of fluid excluded from
the wings provides additional thrust, preventing it to reach the value of zero. Also, at
the end of the outstroke the wings experience a delayed rotation [27], that is thought
to diminish the total circulation because of the opposite sign between rotational and
translational circulation: as a consequence, its negative contribution would result in a
zero thrust value.
6.2.3 In-wake measurements
In this section the results obtained from the first and second set-up, as previously de-
scribed in 5.3.1.1 are presented. The results have been used for a three-dimensional wake
representation (see 5.4): the one from the first set-up for a phase-lock reconstruction,
while the one from the second set-up for a temporal reconstruction. These 3-D repre-
sentations might support the DelFly’s vortex dynamics description (reported in 6.2.1),
and, even more importantly, might shine a light on the unresolved questions.
To decrease the noise level in the flow field, also a phase averaging was performed (in
each experiments 400 images have been captured, yielding more then twenty complete
flapping cycles). Up to five images, corresponding to the same stroke phase angle for
each measurement plane, have been selected to obtain a more clear, albeit smoothed,
velocity vector field. Therefore, the following sections illustrate only quantitative analy-
sis of the vortices’ behaviour. The averaging of the velocity vector fields was performed
in Davis 8.2.0.
The DelFly wings are schematically displayed in the following images as an indication
of the flapping phase; however, they are represented as rigid bodies whereas in reality
the effect of wings deformation during the flapping motion is not negligible (maximum
trailing edge deformation with respect to rigid leading edge is 60% of the mean chord
length [32]).
6.2.3.1 Phase-lock reconstruction
Nine chordwise-aligned planes, from 2 to 18 cm from the root (with a distance of 2 cm
from each other), have been used for the interpolation based on Kriging regression (as
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Figure 6.15: Vector velocity field and out-of-plane vorticity for five instants of the
outstroke, for a plane at 2 cm from the root. From the top left: Out 15, Out 30,
Out 40, Out 55, Out 57.
already explained in 5.4). This method yields instantaneous three-dimensional repre-
sentations of the wake, which helps to focus on the vortex structures of a specific stroke
angle.
In this section, 9 instants of the flapping cycle are reported, named with a suffix (In or
Out) to indicate the stroke (instroke or outstroke, respectively) followed by a number
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Figure 6.16: Vector velocity field and out-of-plane vorticity for four instants of the
instroke, for a plane at 2 cm from the root. From the top left: In 50, In 40, Out 20,
Out 13.
which indicates the upper wing phase angle (for instance In 30 indicates an upper wing
phase angle of 30 deg during the instroke). The vortices are labelled as previously done
in 6.2.1.
First of all, planar data (directly obtained after the processing procedures) are presented
for the plane at 2 cm from the root. The green region on the left side of the images
corresponds to the mask of the force sensor. In Fig:6.15 five consecutive instants of
the outstroke are shown, together with a schematic representation of the wings of the
Delfly, for an indication of the flapping phase. Analogously, in Fig:6.16, four consecutive
instants of the instroke are shown. The time separation between two subsequent images
is ≈ 0.01sec, so that, by means of these, it is possible to analyse an entire flapping cycle.
The trend of the vortices confirms the description reported in 6.2.1: the TEVINs, shed
at the clap, move backwards towards the wake. The downstream velocity is caused by
the jet fluid coming from the wings and is enhanced by the induced velocity of the vor-
tices. Also the presence of an other counter-clockwise vortex (named TEV ′INT in 6.2.1)
is clearly visible in Fig:6.15, although the split of the TEV is no longer visible at this
distance from the wings. However, as previously stated, this vortex will defuse soon,
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before the start of the new instroke (Fig:6.16).
These images, together with those recorded on the other parallel planes, have been fi-
nally interpolated for a 3-D representation of the wake. Since the reconstructed volume
starts 10 mm downstream of the trailing edges and there is no free-stream velocity, it
takes time to be able to see the shed vortical structures in the wake. The velocity of the
flapping wings is much higher than the convective velocity of the vortices in the wake:
as a consequence, the structures presented in the following might sometimes appear
uncorrelated with the stroke phase. Moreover, it must be noted that the lower region,
closest to the trailing edges, has not been reconstructed because of the presence of the
sensor (light green region in Figs:6.15,6.16).
Starting from the clap (Figs: 6.17, 6.18), named as In 13, the presence of the massive
TEV-tube described in 6.2.1 is doubtlessly clear: it has a U-shape that consists of the
TEVINT and the TEVINB shed at the end of the instroke; these two vortical structures
are presumably connected through a thin structure which is thought to be a tip vortex
(labelled as TVIN in Fig:6.17). Looking at the pictures of Fig:6.18 we can affirm that
Figure 6.17: In 13: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. Perspective view.
the TEV-tube takes the shape of the wings: it has a ”dihedral angle” (rear view) which
reproduces the one of the wings, and it seems to bend its tip forwards (top and side
views), following the taper of the wings (as already stated by Groen [29]). This features
strengthen the idea that the TEV-tube is shed at the clap, thus when the wings are
parallel and the trailing edges are about to touch each other.
Another structure emerges from these pictures (Figs:6.17, 6.18): it has been again
labelled as TEV ′INT , with regards to the split of the TEVIN discussed in 6.2.1. How-
ever, a scrutinized analysis reveals that this structure is a mix of positive y-vorticity
and negative z-vorticity (Figs:6.19). This sparks the idea that another structure should
exist in the vicinity of the root that might be the cause of the split of the TEV-tube.
Eight others subsequent moments of the flapping cycle are presented in the following
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Figure 6.18: In 13: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: top view, side view, rear view.
(Figs:6.20-6.28). It is thus possible to track the motion of the two structures that mostly
dominate the wake of the DelFly. These are: the already described TEV-tube, and the
newly introduced vortical structure, named R-tube (the R suffix comes from the fact
that this structure has been observed only in the vicinity of the root).
Throughout the outstroke the initially undefined shape of the R-tube becomes more
clear. In Fig:6.23, thus at the end of the subsequent outstroke, the R-tube has taken the
shape of an arc : this is probably due to the jet of fluid that comes out from the wings’
motion. Indeed, the resultant velocity reaches its maximum value on a horizontal plane
centered between the wings, exactly where the arc is bended. A further analyses of its
structure (Fig:6.24) reveals that it mostly contains y-vorticity. One may now speculate
about where this structure comes from: its elongated shape suggests that it is shed dur-
ing the (out)stroke reversal, where the wings are farther from each others. The trailing
edge vorticity at this point, which at the clap consists of z-vorticity, appears mostly as y-
vorticity (Figs:6.19,6.24). However, since the absence of any kind of confirmations from
the around-wings measurements (6.2.1), from now on we keep naming this structure as
R-tube.
From Fig:6.22 to 6.25 it can be seen the formation of a new TEV-tube, named
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Figure 6.19: In 30: iso-surface of positive y-vorticity (left picture) and negative z-
vorticity, ωy = 0.1s
−1 and ωz = −0.1s−1, respectively.
Figure 6.20: Out 15: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
TEV2-tube. In Fig:6.22 the R-tube and the TEV2-tube seem to be connected. They
(Fig:6.25) afterwards separate from each others: this behaviour recalls the split of the
(TEVINT ) described in 6.2.1, and provides a possible explanation to it. It is indeed likely
that the two structures are shed one after the other and that their vortices interact with
each other, causing the apparent TEVINT split. This plausible mechanism may also
confirm the hypothesis that the R-tube is shed at the stroke reversal, thus just before
the formation of the TEVINT .
The flow topology of the instroke phases (In 50, In 40 and In 20) of flapping motion
is plotted in Figs:6.26,6.27,6.28. Note that the previous TEV-tube structure is now van-
ished. Also the R-tube starts diminishing its volume, to definitely defuse at the end of
the instroke (Fig:6.28). Conversely, the new TEV-tube is now completely formed and it
moves downstream, following the path of the former one.
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Figure 6.21: Out 30: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
Figure 6.22: Out 40: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
Figure 6.23: Out 55: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
Chapter 6. Results 81
Figure 6.24: Out 55: iso-surface of y-vorticity magnitude (ωy = 0.06s
−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
Figure 6.25: Out 57: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
Figure 6.26: In 50: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
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Figure 6.27: In 40: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
Figure 6.28: In 20: iso-surface of vorticity magnitude (ω = ±0.1s−1). Flapping
frequency: 11.2 Hz. From the left: perspective view, side view.
6.2.3.2 Temporal reconstruction
A temporal reconstruction is performed by using the time series PIV images obtained
from the second set-up (5.3.1.1). The data from the first spanwise-oriented plane down-
stream the trailing edge, located at 20 mm behind the DelFly, are used for this recon-
struction. A convective velocity in streamwise direction has been selected to sweep the
measurement data downstream. Based on the momentum theory of propellers [9], this
convective velocity has been set around 1.5 m/s (the reader is referred to Appendix B for
a more detailed explanation). Iso-surfaces of vorticity magnitude for two flapping cycles
are plotted in Fig:6.29. This picture clearly shows the presence of additional spurious
vorticity layer, especially in the lower region of the volume, closer to the DelFly. Their
contributions to the vorticity field arise from the velocity discontinuities at the edge of
the mask of the force sensor (rear view of the reconstructed volume, Fig:6.30). A volume
reconstruction based on a Kriging regression was then performed, which yielded a more
smoothed plot (Fig:6.31).
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The wake topology described in the previous chapters (6.2.1 and 6.2.3.1) is therefore
Figure 6.29: Wake temporal reconstruction of two consecutive flapping cycle. The
picture plots iso-surface of vorticity magnitude (ω = ±0.24s−1). Flapping frequency:
11.2 Hz.
borne out. Thanks to the orientation of the plane used for this temporal reconstruction
(spanwise-oriented), we should be able to detect tip vortices with more clarity, since
they lie on the object plane (their axes are parallel to the plane normal). The absence of
a connection (Figs:6.29,6.30) between the upper and lower part of the TEV-tube proves
the absence (or the negligible presence) of tip vortices. Although in contrast with the
research of Eisma [20] and Percin [3], who revealed the strong contribution of tip vor-
ticity for the DelFly in forward flight, the latter statement is reasonably acceptable: the
tip vortices are indeed a peculiar feature of forward flight, therefore their absence should
come as no surprise.
With regards to Fig:6.31, it becomes evident that the TEV-tube and R-tube are con-
catenated each others: a mix of y- and z-vorticity is the link between and the main
components of these two predominant structures.
6.2.4 Wings comparison - The influence of Aspect Ratio
In the previous section a general description of the vortex behaviour has been presented
for the Std-wing case. Two other wing pairs have been tested: they differ from the
standard wing pair (Std-wing) in the Aspect Ratio (AR), while the chord length, as
well as the wing structure itself, have been kept unaltered. In table 6.1 the geometrical
parameters of the aforementioned wings are reported, as regards to Fig:6.32 . The wings
are named: HARDA (AR=2) and LARDA (AR=1.5), respectively.
Chapter 6. Results 84
Figure 6.30: Wake temporal reconstruction of two consecutive flapping cycle. The
picture plots iso-surface of vorticity magnitude (ω = ±0.24s−1). Flapping frequency:
11.2 Hz. From the top left: top, rear view, side view.
Wing R[mm] R1[mm] c[mm] a[mm] AR
Std 140 65 89 58 1.75
HARDA 160 74 89 58 2
LARDA 120 56 89 58 1.5
Table 6.1: Geometrical parameters of Std, HARDA and LARDA wing.
As the reader might suppose, both HARDA and LARDA experience the same thrust
trend, and, accordingly, they show similar structures. Nevertheless, there are some
remarkable differences that must be cited. In order to explain them, it will be again
considered the plane at 10 cm from the root, which corresponds to 83.3% of LARDA’s
span and 62.5% of HARDA’s span, respectively.
In Figs:6.33-6.35 pictures of the clap-and-fling mechanism show the velocity vector field
for HARDA (6.33,6.35) and LARDA (6.34, 6.35). It can be clearly seen that the LEVINT
and the TEVINT are present, whose behaviour was already described for the Std-wing
case in 6.2.1.
The first anomalous feature is observed for HARDA-wing case: even if the laser sheet
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Figure 6.31: Wake temporal reconstruction of two consecutive flapping cycle. The
picture plots iso-surface of vorticity magnitude (ω = ±0.24s−1). Flapping frequency:
11.2 Hz. From the top left: top, rear view, side view.
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Figure 6.32: Layout of half a wing of the DelFly.
Figure 6.33: Two subsequent moments of the clap, for HARDA-wings. Plane located
at 10 cm from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time
separation between images: 0.005 sec.
is 10 cm far from the root, the break up of the TEVINT into two separate vortices
(TEVINT and TEV
′
INT
) is still present. As previously stated 6.2.3.1, this behaviour is
a peculiar feature of the region relatively close to the root, and that, as a consequence,
it strongly depends on the wing span. The latter statement is also strengthened by
the fact that this TEV-split mechanism can be hardly seen at 6 cm from the root for
LARDA-wing case (Fig:6.36), where it is instead well-defined for Std-wing and HARDA
cases. Moreover, a vortex (labelled as LEV ′INT ) rotating clockwise is present just below
the TEV ′INT (top picture of Fig:6.35); however, its origin and its effect on the TEV-tube
are not fully resolved and need to be further investigated.
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Figure 6.34: Two subsequent moments of the clap, for LARDA-wings. Plane located
at 10 cm from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time
separation between images: 0.005 sec.
The fling phase (Fig:6.35) substantially contains the same vortical structure described
so far for both HARDA and LARDA. The two LEVOUT are shed forwards and they
annihilate each other because of their opposite rotations. Simultaneously, two new strong
LEVIN form on the inner sides of the wings during the first instants of the instroke.
These LEVs, as well as the delayed stall, are responsible for the thrust generation of the
DelFly for the most part.
The thrust generation for HARDA (Fig:6.37) and LARDA (Fig:6.38) follows the same
trend of Std-wing case: two peaks in the flap cycle, corresponding to the middle of the
outstroke and of the instroke, alternate with two minima in force production, reached
at the respective stroke reversal. Remarkable differences might be found through a
quantitative analysis. HARDA experiences the higher force production, with an average
of 0.206 N per cycle (the DelFly with a standard wing pair generates an average of 0.165
N per cycle), and with the maximum peak of ≈ 0.4 N. Accordingly, LARDA experiences
the lower force production, with an average of 0.116 N per cycle and with the maximum
peak of ≈ 0.23N. Comparison of the mean thrust over the flapping cycle reveals that
force generation increases with increasing span length, which might be attributed to
the larger area of the wing surface moving with a higher velocity towards the wing tips.
Thus, formation of an extended LEV in the spanwise direction with a greater circulation
closer to the wing tips probably occurs and enhances the force generation.
Following the method used in 6.2.3.2, temporal reconstructions of the wake topology
for HARDA and LARDA were performed by means of Kriging regression on the data
obtained from the respective wake. In order to examine the major differences between
the different wing pairs, thus to investigate the effect of aspect ratio, the time resolved
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Figure 6.35: Comparison of an instant of the fling between HARDA (left) and LARDA
(right). Plane located at 10 cm from the root in spanwise direction. Flapping frequency:
11.2 Hz.
Figure 6.36: Clap (left) and fling (right), for LARDA-wing case. Plane located at 6
cm from the root in spanwise direction. Flapping frequency: 11.2 Hz. Time separation
between images: 0.015 sec.
iso-surface vorticity magnitude (ω = ±0.24s−1) of HARDA- and LARDA- wing are
plotted in Fig:6.39 and Fig:6.40, respectively. The reconstruction volume size is the
same as the Std wing and the conductive velocity in the streamwise direction has been
kept constant for all the three cases (see Appendix:B). Comparing to the Std-wing wake
structure in Fig:6.31, it turns out that HARDA and LARDA wings generate almost
Chapter 6. Results 89
Figure 6.37: Time variation of thrust plotted for two periods of the flapping motion
at the flapping frequency of 11.2 Hz for different wing geometries complemented with
the variation of the stroke angle (green line).
Figure 6.38: Time variation of thrust plotted for two periods of the flapping motion
at the flapping frequency of 11.2 Hz for different wing geometries complemented with
the variation of the stroke angle (green line).
the same instroke and outstroke vorticity structures, although with some differences.
The TEV-tube is more elongated in spanwise direction for HARDA-wing, whereas is
less elongated for LARDA-wing. Obviously this is a direct consequence of the different
values of the Aspect Ratio: the HARDA wing has a total wing span of 320 mm, which
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corresponds to the 114 % of Std wing span and 125 % of LARDA wing span. Since these
vortical structures take the shape of the wings from which they are shed (see 6.2.3.1),
one should not be surprised to face such a difference.
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Figure 6.39: Wake temporal reconstruction of two consecutive flapping cycle. The
picture plots iso-surface of vorticity magnitude (ω = ±0.24s−1). Flapping frequency:
11.2 Hz. From the top left: top, rear view, side view.
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Figure 6.40: Wake temporal reconstruction of two consecutive flapping cycle. The
picture plots iso-surface of vorticity magnitude (ω = ±0.24s−1). Flapping frequency:
11.2 Hz. From the top left: top, rear view, side view.
Chapter 7
Conclusion and recommendations
This chapter summarizes the findings obtained from the whole experimental campaign,
summarizing the results already presented in Chapter 6. It moreover gives recommen-
dations for further research on the DelFly. The goal of this research, as stated in the
introduction, is to:
Perform force measurements and flow visualizations around the wing and
in the wake of the flapping wing MAV ’DelFly II’ in hovering flight regime.
This project goal is split into two experimental parts: force measurements and PIV mea-
surements. As both parts are successfully completed, it can be stated that the project
goal is achieved. The main conclusions with regards to the current experimental cam-
paign are given in section 7.1. Recommendations regarding future research are given in
section 7.2.
7.1 Conclusion
Force generation of the DelFly in hovering flight, at several flapping frequencies, has
been measured in air and in near-vacuum conditions. By means of a comparison of the
respective force spectra, it has been concluded that the first two harmonics of the whole
force spectrum are related to aerodynamic mechanisms. A low-pass filter has been then
used to eliminate the higher harmonics and to keep only the aerodynamic contributions.
Afterwards, the hovering flight regime of the DelFly II, for a flapping frequency of 11.2
Hz, has been investigated throughout the experimental campaign.
The Leading-Edge-Vortices (LEVs), developed during the hovering flight of the DelFly,
have been confirmed to be the major aerodynamic feature that allows the DelFly to
stay aloft. Their generation, trend and development have been tracked and examined
throughout an entire flapping cycle. Moreover, a detailed analysis of their influences on
the thrust generation have been presented. Thanks to the flexibility of the wings and
to a delayed motion of the trailing edges with respect to the leading-edges, the angle of
attack of the wings reaches high values during both instroke and outstroke. This effect,
combined with the existence of attached LEVs, yields strong generation of thrust-force.
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In contrast, because of the absence of these, the thrust-force reaches minimal values
immediately after the stroke reversals. Great attention has been given to the clap-and-
fling mechanism. Particularly, the fling has the fundamental role of creating an inrush of
air in the cleft between the wing (first instants of the outstroke) and thus of enhancing
the generation of the LEVs. Conversely, during the clap, the LEVs from the upper and
lower wing, formed during the instroke, are shed forward and they annihilate each other.
Also evolution of the Trailing-Edge-Vortices (TEVs) has been investigated, by means of
an analysis of both planar data and instantaneous three-dimensional reconstructions of
the DelFly wake. The latter has been generated by interpolating the PIV-measurements
performed in the wake of the DelFly; the interpolation technique used for such a 3-D
reconstruction was based on Kriging regression.
The wake topology shows the presence of two very clear structures. They are: 1) a
TEV-tube, thus a U-shaped vortex that is shed from the trailing edges at the clap and
2) a R-tube (R- stands for Root), thus an arc-shaped vortex that is shed from the trail-
ing edges during the (out)stroke reversal. The three-dimensional reconstruction clearly
shows the evolution of these two structures during a flapping cycle. Furthermore, it is
likely that they are connected with each other and that the vorticity of one interacts
with that of the other. This yielded a curious phenomenon, named TEV-split, which at
a first glance may appear as an unexpected split of trailing vorticity, whereas in reality
it is only a consequence of the interaction between the two vortical structures. No shed
leading edge vorticity is observed in the reconstructed volume at all time instances in
the wake topology.
Subsequently, a spatio-temporal interpolation has been performed using the time series
PIV data on the first measurement plane downstream located with respect to the DelFly.
By introducing a pseudo convective velocity, the 3D flow structures has been obtained,
which substantially confirmed the former conclusions.
Finally, three wing pairs with different Aspect Ratio (AR) have been compared. An
analysis of the wake topology, as well as of the thrust generation, suggested the funda-
mental role of the wing span in forces production.
7.2 Recommendation
The experimental campaign described and discussed in this report has provided a great
amount of data to be analysed. Because of the limited time, the wake topology and
the force results are only examined for a few cases. Further research is recommended
to focus on other cases, with particular attention to different flapping frequencies. Sec-
ondly, analytical calculations of the circulation of the LEVINs is suggested to match the
quantitative trend of the thrust-force to the qualitative one.
Analysis of the wake topology is recommended to link it to the force production, and
to speculate about the importance of the vortices shed from the trailing-edges in thrust
generation. Also, a 3-D wake reconstruction by means of a twofold interpolation of both
the planes in chordwise and spanwise orientation is recommended to obtain an even more
clear representation of the wake. Future research might give attention to this topic.
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Finally, a comparison of the conclusions presented in the previous sections with the
results obtained from the DelFly Micro investigation. Further research is necessary to
research how different are the wake of these two similar flyers.
Appendix A
Effect of the dihedral angle.
Figure A.1: Effect of the dihedral angle on the effective laser sheet position on the
wings.
For all the measurements, the laser sheet is normal to the horizontal plane (see Fig:??)
and its position is calculated as the distance from the root on a line (black dotted line in
Fig:A.1) parallel to the horizontal plane. As a consequence of the flapping motion, the
laser sheet does not illuminate the wing at the same position throughout the flapping
cycle. Hence, in order to calculate the exact position, it must be taken into account the
offset due to the stroke angle (α). Also, because of the dihedral angle (β), there will be
a disparity of the laser position between the two wings. This disparity can be calculated
as follows:
x1 − x2 = X
cos(α+ β)
− X
cos(α− β) (A.1)
where X is the nominal laser position, x1 is the laser position on the upper wing, x2 is
the laser position on the lower wing and x1 − x2 is the disparity of the laser position
between the two wings.
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Appendix B
Momentum theory of propellor.
The need for a convective velocity with which to translate the measured planes for a
temporal reconstruction 5.4.1, resorted to the momentum theories of propellors, adapted
to hovering insect flight by Ellington [9].
First of all a suitable ’actuator disk area’ must be defined: according to Ellington the
Figure B.1: Wake flow of the axial momentum theory for a hovering flyer. Adapted
from [9]
area over which the wings impart downward momentum to the air is:
A0 = ΦR
2cosβ (B.1)
where A0 is the swept-by-the-wings area, Φ is the maximum stroke angle and β is the
stroke plane angle. The momentum equation for fluids can be applied to the near wake,
yielding:
F = ρω20A0 (B.2)
where F is the thrust force (it equates to the mean thrust force), ρ is the density of the
fluid (1.225 kg/m3) and ω0 is the generated flow velocity. In table B.1 the calculated
induced velocities, ω0 =
√
F
ρA ≈ 1.5m/s, are reported for Std, HARDA and LARDA
wing. All the three wings show almost the same value for ω0. Therefore, a constant
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Wing F [N ] A0[m
2] ω0[m/s]
Std 0.165 0.06 1.5
HARDA 0.206 0.08 1.45
LARDA 0.116 0.045 1.45
Table B.1: Calculus for the convective velocity for Std, HARDA and LARDA wing.
velocity of 1.5m/s has been used as convective velocity for temporal reconstructions.
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